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The  effect  of  rocket  exhaust  plume  impingement  on  sensitive  vehicle  surfaces  is 
an  area  of  continuing  concern  in  the  design  of  spacecraft,  missiles,  and  reentry 
vehicle  systems.  Specifically,  the  contamination  and  subsequent  degradation  of  func¬ 
tional  surfaces,  such  as  solar  cells,  thermal  control  coatings,  optical  lenses,  optical 
view  ports,  and  highly  reflective  surfaces,  have  resulted  in  compromises  of  mission 
effectiveness.  The  objective  of  this  study  was  to  develop  a  single  computer  code 
capable  of  predicting  the  production,  transport,  and  deposition  of  engine  and  plume 
contaminants,  and  the  change  in  absorptivity,  emissivity,  reflectivity,  and  trans¬ 
missivity  of  a  functional  spacecraft  surface,  such  as  thermal  control  coatings  and 
optical  view  ports  and  lenses,  resulting  from  plume  contaminant  deposition  or 
mechanical  abrasion  (sand  blasting).  Surface  chemical  reaction  with  a  deposited 
plume  contaminant  layer  was  not  treated.  Analytical  models  and  computer  subpro¬ 
grams  have  been  developed  and  integrated  to  form  the  CQNT AM  computer  program. 
Complete  User's  manuals  for  each  of  the  computer  subprograms  as  well  as  the 
CQNT  AM  program  are  included  in  this  report,  along  with  details  of  the  analysis  and 
numerical  methods.  A  sample  case  illustrating  the  CONTAM  program's  capability 
to  predict  contaminant  production  and  transport  is  presented.  The  Marquardt 
R-6C  5-lb  thrust  MMH/NTO  engine,  currently  used  at  NASA/LeRC  for  their  con¬ 
tamination  experiment,  was  chosen.  The  deposition  and  surface  effects  subprogram, 
SURFACE,  was  not  run  because  it  was  felt  that  meaningful  results  could  not  be 
obtained  for  this  engine  with  the  current  version  of  the  SURFACE  program.  Results 
for  this  thrustor,  pulsed  for  50  ms,  indicate  that  a  considerable  amount  of  contami¬ 
nant  is  formed  and  transported  into  the  plume  when  the  motor  is  pulsed  periodically. 
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ABSTRACT 


The  effect  of  rocket  exhaust  plume  impingement  on  sensitive  vehicle 
surfaces  is  an  area  of  continuing  concern  in  the  design  of  spacecraft,  mis¬ 
siles,  and  reentry  vehicle  systems.  Specifically,  the  contamination  and 
subsequent  degradation  of  functional  surfaces,  such  as  solar  cells,  thermal 
control  coatings,  optical  lenses,  optical  view  ports,  and  highly  reflective 
surfaces,  have  resulted  in  compromises  of  mission  effectiveness.  The 
objective  of  this  study  was  to  develop  a  single  computer  code  capable  of 
predicting  the  production,  transport,  and  deposition  of  engine  and  plume 
contaminants,  and  the  change  in  absorptivity,  emissivity,  reflectivity,  and 
transmissivity  of  a  functional  spacecraft  surface,  such  as  thermal  control 
coatings  and  optical  view  ports  and  lenses,  resulting  from  plume  contami¬ 
nant  deposition  or  mechanical  abrasion  (sand  blasting).  Surface  chemical 
reaction  with  a  deposited  plume  contaminant  layer  was  not  treated.  Analyt¬ 
ical  models  and  computer  subprograms  have  been  developed  and  integrated 
to  form  the  CO  NT  AM  computer  program.  Complete  User's  manuals  for 
each  of  the  computer  subprograms  as  well  as  the  CO  NT  AM  program  are 
included  in  this  report,  along  with  details  of  the  analysis  and  numerical 
methods.  A  sample  case  illustrating  the  CONT AM  program's  capability  to 
predict  contaminant  production  and  transport  is  presented.  The  Marquardt 
R-6C  5-lb  thrust  MMIT/NTO  engine,  currently  used  at  NASA/LeRC  for 
their  contamination  experiment,  was  chosen.  The  deposition  and  surface 
effects  subprogram,  SU  RFACE,  was  not  run  because  it  was  felt  that  mean¬ 
ingful  results  could  not  be  obtained  for  this  engine  with  the  current  version 
of  the  SURF  ACE  program.  Results  for  this  thrustor,  pulsed  for  50  ms, 
indicate  that  a  considerable  amount  of  contaminant  is  formed  and  transported 
into  the  plume  when  the  motor  is  pulsed  periodically. 
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SECTION  I 


INTRODUCTION 


The  effect  of  rocket  exhaust  plume  impingement  on  sensitive  vehicle 
surfaces  is  an  area  of  continuing  concern  in  the  engineering  design  of  space¬ 
craft,  missiles,  boosters,  and  RV  systems.  Specifically,  the  contamination 
and  subsequent  degradation  of  functional  surfaces,  such  as  solar  cells, 
thermal  control  coatings,  optical  lenses,  optical  view  ports,  highly  reflec¬ 
tive  (mirrored)  surfaces,  and  sealants,  have  resulted  in  compromises  of 
mission  effectiveness. 

To  illustrate  the  deposition  of  contaminants  problem,  several 
photographic  examples  of  contamination  occurring  as  the  result  of  actual 
bipropellant  engine  firings  will  be  presented.  These  examples  were  taken 
from  a  series  of  contamination  experiments  conducted  by  MDAC  under  the 
MOL  program. 

Figure  1  compares  a  control  surface  (no  impingement)  with  a  surface 
which  has  been  exposed  to  normal  impingement  by  the  exhaust  plume  of  a 
liquid  bipropellant  engine  (MMH-NTO).  Evidence  of  surface  damage  is 
apparent,  and  was  postulated  to  be  caused  by  condensed  droplets  in  the  core 
of  the  plume  flow, 

During  a  vacuum  chamber  subscale  thrustor  test  by  MDAC  at  AEDC, 
a  1-lb  thrust  Marquardt  MMH-NTO  rocket  engine  was  fired  horizontally 
so  that  the  exhaust  products  would  impinge  upon  a  vertically  oriented  test 
panel  containing  several  surface  specimens.  Surface  specimens  included 
thermal  control  coatings,  polished  metal,  and  specialized  glass  lenses. 

During  pulse-mode  operation  of  the  motor,  copious  quantities  of 
brownish,  viscous  liquid  were  observed  about  the  nozzle  lip  and  upon  the 
lower  external  surface  of  the  motor.  This  liquid  exhibited  considerable 
activity,  bubbling  while  suspended  from  the  motor  lower  external  surface 
apparently  due  to  some  boiling  and/or  decomposition  phenomenon.  An 
impingement  pattern  of  sorts  was  visible  upon  the  test  panel  that  appeared 
symmetrical  but  did  not  agree  well  (qualitatively)  with  theoretical  predic¬ 
tions  of  the  gas-phase  impingement  region.  The  region  within  the  symmetric 
impingement  pattern  was  coated  with  viscous  liquid  and/or  solid  material 
that  increased  in  quantity  with  the  number  of  pulses  to  which  the  panel  was 
exposed;  the  coloration  of  this  material  was  difficult  to  identify,  but  was 
definitely  darker  than  the  panel.  Above  and  below  the  symmetric  impinge¬ 
ment  region  liquids  were  splattered  in  very  large  quantities,  particularly 
near  and  below  the  rocket  motor  where  semisolid  formations  of  brownish 
color  were  noted;  deposition  of  this  variety  seemed  randomly  distributed 
and  was  observed  fore  and  aft  of  the  nozzle  exit  plane.  The  amount  of  liquid 
generated  by  the  rocket  motor  varied  inversely  with  pulse  duration,  with 
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a.  CONTROL  SAMPLE  SHIELDED  FROM  DIRECT  IMPINGEMENT 


b. SAMPLE  EXPOSED  TO  NORMAL  EXHAUST  IMPINGEMENT 


Figure  1.  Liquid  Bipropellant  Plume  Impingement  Effects  (22-lb  Thrustor  MMH-NTO,  O/F  =  1.65) 


maximum  amount  generated  during  the  16- msec  "minimum  impulse"  pulses. 
Thermal  control  coatings  exposed  to  these  exhaust  products  were  visibly 
coated  and  suffered  losses  in  reflectance.  Similarly,  transparent  samples 
suffered  transmittance  losses.  After  certain  periods  of  liquid  buildup  upon 
the  panel,  brownish  liquids  ran  down  the  panel  surface.  During  long -du  ration 
firings  in  excess  of  several  hundred  seconds,  a  well  defined  symmetric 
impingement  pattern  was  noted  upon  the  panel.  It  was  difficult  to  discrimi¬ 
nate  between  liquid  and  solid  formations  at  this  point.  The  symmetric 
impingement  region  gained  further  definition  by  virtue?  of  a  continuous  ridge 
of  solid  and/or  viscous  liquid  deposits  at  the  symmetric  impingement  region 
boundaries.  Posttest  microphotography  revealed  that  glass  surfaces  were 
coated  with  micron-sized  droplets,  even  though  the  incidence  angle  of 
exhaust  products  was  (theoretically)  very  small  or  nonexistent.  Deposits 
upon  the  panel  and  surface  samples  displayed  phase  instability  at  STP  con¬ 
ditions,  changing  from  solid  to  liquid  to  solid  when  disturbed  physically  or 
environmentally.  When  the  chamber  was  repressurized  to  facility  ambient 
conditions,  much  of  the  material  deposited  upon  the?  panel  became  less 
viscous  and  ran  off  the  panel. 

Figures  2  through  4  show  some  of  the  deposits  observed  after  various 
duty  cycles. 

This  report  will  present  the  results  of  a  12-month  study  for  the  Air 
Force  Rocket  Propulsion  Laboratory  to  develop  an  analytical  model  and 
computer  program  for  the  prediction  of  spacecraft  functional  surface  con¬ 
tamination  effects  caused  by  interactions  with  liquid  bipropellant  rocket 
exhaust  plumes.  Emphasis  has  been  placed  on  development  of  computer 
codes  to  describe  the  complex  two-phase  combustion  gas-dynamic  processes 
occurring  in  a  bipropellant  combustor  and  the  thermodynamic  and  kinetic 
nonequilibrium  processes  occurring  during  a  two-phase  nozzle  and  plume 
expansion.  Less  attention  has  been  given  to  the  detailed  modeling  of  the 
deposition  processes  and  the  subsequent  changes  in  surface  properties. 
Verification  of  the  integrated  Plume  Contamination  Effects  Prediction 
Computer  Program  will  be  attempted  by  comparison  with  high-altitude 
bipropellant  contaminant  tests.  It  is  anticipated  that  an  independent  on-going 
NASA  Lewis  Research  Center  experiment,  conducted  by  Dr.  Herman  Mark 
and  Mr.  Jack  Cassidy,  will  provide  the  necessary  engine  operating  details 
and  contamination  effects  data  to  achieve  a  meaningful  correlation. 

This  report  is  divided  into  five  discrete  parts:  the  main  body  of  the 
report  and  four  appendixes.  In  the  main  body,  emphasis  is  placed  on 
describing  the  operating  characteristics  of  the  integrated  Plume  Contami¬ 
nation  Effects  Prediction  Computer  Program,  CONT A  M .  A  description  of 
the  program,  User's  Manual,  and  sample  case  run  illustrating  the  ability 
of  CONTA M  to  predict  contaminant  production,  transport,  and  condensation 
are  presented.  Deposition  and  surface  effects  prediction  has  not  been 
included  in  the  sample  case  run  for  C ON T A  M  ( m a i n  text)  but  has  been  dis¬ 
cussed  in  Appendix  D.  CONTA  M  consists  of  four  discrete  subprogram  links, 
each  capable  of  operating  as  a  separate  computer  program  or  as  a  link  to 
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CONTAM.  Each  of  the  subprograms  is  described  in  detail  in  a  separate 
appendix  as  follows: 

Appendix  A  TCC  Transient  Combustion  Chamber  Dynamics 

Computer  Program  (a  bipropellant  contam¬ 
inant  production  model) 

Appendix  B  MULT  RAN  Multiphase  Nozzle  and  Plume  Transport 

Computer  Program  (a  multiphase  nozzle 
and  plume  flow  field  characterization 
model) 

Appendix  C  KIN C ON  Nonequilibrium  Chemical  Kinetics  and 

Condensation  Computer  Program  (a  multi¬ 
phase  reacting  gas  streamtube  model) 

Appendix  D  SURFACE  Deposition  and  Surface  Effects  Computer 

Program  (a  plume  impingement,  deposition, 
abrasion,  and  surface  contamination  effects 
model ) 

In  addition  to  the  sample  case  in  the  main  body  of  the  report,  each 
appendix  contains  a  sample  case  illustrating  additional  capabilities  of  the 
particular  subprogram.  Detailed  operating  information  for  each  sub¬ 
program  is  contained  in  the  User  Manual  section  of  each  appendix. 

This  report  has  been  loose-leaf  bound  to  facilitate  updating  of  the  various 
User's  Manuals,  either  by  MDAC  or  other  Government  and  industry  users. 
The  author's  would  greatly  appreciate  comments,  corrections,  additions, 
and  suggestions  for  inclusion  in  future  updates  to  be  distributed  to  all  users. 
Please  send  comments  to: 

R.  J.  Hoffman 

A3-BBBO-20 

McDonnell  Douglas  Astronautics  Company 

5301  Bolsa  Avenue 

Huntington  Beach,  California  92647 


SECTION  II 


OBJECTIVES  AND  SCOPE 


1.  OBJECTIVES 

The  objective  of  the  study  is  to  develop  a  single  computer  code  capable 
of  predicting  the  p roduction ,  transport ,  and  deposition  of  engine  and  plum 
contaminants  and  the  change  in  absorptivity,  emissivity,  reflectivity,  and 
transmissivity  of  a  functional  spacecraft  surface,  such  as  thermal  control 
coatings  and  optical  view  ports  and  lenses,  resulting  from  plume  contami¬ 
nant  deposition  or  mechanical  abrasion  (sand  blasting).  Surface  chemical 
reaction  with  a  deposited  plume  contaminant  layer  is  not  treated. 

The  study  has  been  divided  into  five  main  areas: 

(1)  Improvement  of  predictive  technology  for  the  characterization  of 
reactive,  multiphase  rocket  nozzle  and  exhaust  plume  flows  con¬ 
taining  propellant  contaminants  and  nonequilibrium  combustion 
products,  including  condensables. 

V  •-  (2)  Continued  development  of  an  analytical  model  to  predict  the  produc¬ 

tion  of  contaminants  in  bipropellant  rocket-engine  combustion 
chamber  s. 

(3)  Development  of  a  semiempirical  model  to  predict  changes  in  surface 
properties  of  functional  spacecraft  surfaces  (resulting  from  deposi¬ 
tion  or  abrasion). 

(4)  Integration  and  coupling  of  existing  computer  programs  and  newly 
developed  computer  programs  to  achieve  a  systems  engineering 
design  tool  for  the  prediction  of  contaminant  effects  on  spacecraft 
surfaces. 

(5)  Verification  of  the  contamination  prediction  model  by  comparison 
with  experimental  data. 

2.  SCOPE 

This  initial  study  has  been  restricted  to  the  development  of  predictive 
methods  for  the  production,  transport,  and  deposition  of  contaminants  from 
hydrazine-family  fuels  in  combination  with  nitrogen  tetroxide  and  to  changes 
in  thermal  and  optical  surface  properties  of  common  thermal -control  paints 
and  optical  lenses.  The  model  development  has  considered  RCS  engines  in 
the  5-  to  100-lb  tnrust  range;  the  validity  of  the  model  for  much  larger 
engines  has  not  been  assessed. 


Preceding  page  blank 


9 


SECTION  111 


MO  DEE  DESCRIPTION 

Section  4  describes  the  C  O  I\  T  A  M  plume  contamination  effects  prediction 
computer  prog  ram  developed  during  this  study.  The  analytical  models 
associated  with  each  link  of  the  CGNTAM  program  are  discussed  in  detail  in 
the  appropriate  appendix.  In  this  section,  a  summary  description  of  the 
analytical  models  employed  in  the  CON  TAM  program  is  given. 

The  general  objectives  of  the  study  were  to  construct  a  single  analytical 
model  capable  of  predicting  the  effects  of  bipropellant  plume  impingement 
contamination  on  optical  and  thermal  spacecraft  surfaces  based  only  on  a 
knowledge  of  available  engine  operating  conditions,  eng  ine/ spaccc  raft  con¬ 
figuration  geometries,  and  spacecraft  orbital  parameters.  To  this  end,  it 
was  necessary  to  construct  a  model  for  the  production  of  contaminants  in  a 
bipropellant  combustion  chamber  (unburned  propi  Hants  ejected  through 
nozzle  throat);  transport  of  these  contaminants  by  the  expanding  gases  in  the 
nozzle  and  exhaust  plume;  chemical  nonequilibrium  composition  of  plume 
species;  condensation  of  plume  species  in  the  expanding  plume;  abrasion 
damage  and  deposition  resulting  from  plume  impingement;  and,  finally,  the 
changes  in  thermal  and  optical  surface  properties,  absorptivity,  emissivity, 
transmissivity,  and  reflectivity  resulting  from  contaminant  deposition  and/or 
abrasion  damage.  In  addition,  the  model  considers  the  effect  oi  engine  duty 
cycle  and  spacecraft  radiant  energy  transfer  on  the  rate  of  contaminant 
deposition  over  an  entire  mission  profile. 

The  feasibility  of  constructing  a  valid  model,  considering  all  of  the1 
above  aspects,  relied  heavily  upon  the  existence  of  several  models  and  com¬ 
puter  codes  which  could  be  used  as  a  basis  for  construction  of  the  overall 
contamination  effects  prediction  model.  Several  new  portions  of  the  model 
and  computer  subprograms  were  developed,  f  igure  5  schematically  illus¬ 
trates  the  computation  flow  logic  and  the  related  computer  codes.  Details 
of  each  computer  code  can  be  found  in  the  appropriate  appendix. 

1.  COMBUSTION  CHAMBER  CONTAMINANT  PRODUCTION 

(See  Appendix  A  for  further  details) 

Unburned  propellant  and  intermediate  products  of  combustion  (liquid 
phase)  ejected  from  the  combustion  chamber  arc  considered  first  as  a  souri  e 
of  contaminants.  Reft  rring  to  figure  5,  the  Transient  Combustion  Chamber 
(TCC)  Dynamics  Program,  developed  by  Webber  and  Oaubatz  (ll  and 
extensively  modified  for  prediction  of  contaminant  production  (2),  was  used 
to  generate  parametric  contaminant  production  data  over  a  range  of  typical 
RCS  operating  conditions.  Based  on  this  parametric  study,  modifications 
were  made  to  the  program  to  allow  its  inclusion  as  part  ol  the  overall  con¬ 
tamination  effects  prediction  model. 
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Figure  5.  Schematic  Diagram  of  Analytical  Model  Elements  and  Related  Computer  Programs 
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Contaminant  material  is  produced  by  the  combustor  of  a  bipropellant 
rocket  engine  when  partially  burned  propellant  droplets  pass  through  the 
throat  or  when  they  strike  a  cold  chamber  wall  to  form  a  liquid  film,  which 
is  moved  downstream  by  chamber  gas  shear  forces.  When  the  unbarred  pro¬ 
pellant  or  intermediate  reaction  products  are  ejected  from  a  rocket  engine, 
they  may  be  transported  in  the  plume  and  deposited  on  nearby  sensitive- 
spacecraft  surfaces,  changing  their  thermal  or  optical  properties. 

The  sequence  of  combustion  related  events,  in  the  rocket  engine  com¬ 
bustion  chamber  is  calculated  by  numerically  integrating  the  differential  and 
algebraic  equations  which  describe  the  basic  processes  of  the  feed  system, 
injector,  and  combustion  chamber.  Figure  A-l  in  Appendix  A  is  a  drawing 
of  the  rocket  system. 

a.  Feed  Systems 

The  feed  systems  are  approximated  with  single  lumped  parameters 
representing  the  inertial  and  resistive  aspects  of  the  feed  system,  the  rate 
of  acceleration  of  flow  being  proportional  to  the  amount  that  the  instantaneous 
pressure  drop  exceeds  the  instantaneous  pressure  losses  in  the  system.  The 
opening  and  closing  of  the  valves  are  modeled  by  varying  the  feed  system 
resistance  as  a  function  of  time.  Flow  reversals  or  initial  start  conditions, 
which  result  in  partially  or  fully  gas-filled  feed  lines,  are  simulated  by  vary¬ 
ing  both  the  resistance  and  inertia  of  the  feed  system  as  functions  of  time. 

b.  Atomization 

The  atomization  process  is  calculated  lor  one  of  several  modes, 
depending  on  the  chamber  pressure.  If  the  injected  propellant  is  sufficiently 
supersaturated,  the  stream  is  presumed  to  l'lash-atomize.  The  flash- 
atomization  process  resembles  the  gas -atomization  process,  with  the  gas 
being  supplied  by  the  explosive  growth  of  bubbles  in  the  supersaturated 
stream.  The  flash  atomization  process  gives  relatively  fine  droplets,  on 
the  order  of  40  microns  in  diameter. 

When  the  chamber  pressure  is  sufficiently  high  that  the  injected 
propellant  streams  do  not  flash,  the  atomization  occurs  by  the  impingement 
of  the  fuel  and  oxidizer  streams.  The  median  droplet  diameter  is  obtained 
from  an  equation  based  on  the  orifice  diameters,  injection  velocities,  rela¬ 
tive  momentum  of  the  streams,  and  physical  properties  of  the  propellants. 

When  only  one  stream  is  being  injected  during  a  start  transient, 
there  can  be  no  impingement  and  atomization  is  calculated  based  on  single¬ 
stream  breakup. 

The  injected  propellant  moves  from  the  injection  point  to  the 
impingement  point  along  the  direction  of  injection.  After  impingement,  the 
stream  moves  in  the  direction  of  the  resultant  angle.  The  stream  moves  in 
this  new  direction  until  its  atomization  is  complete,  after  which  its  two- 
dimensional  trajectory  is  determined  by  the  aerodynamic  drag  forces 
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c.  Chamhor  Calculations 

The  vapors  or  gasps  that  fill  the  combustion  chamber  arc  derived 
from  several  sources:  vapor  from  flashing  propellant  streams;  material 
evaporated  from  propellant  droplets;  evaporation  of  material  deposited  on  the 
combustion  chamber  walls  and  from  the  ignitor  if  one  is  used,  Fuel  and  oxi¬ 
dizer  vapor  from  these  sources  are  axially  cumulated  in  the  chamber  at  each 
time  interval,  while  the  amounts  calculated  to  llow  through  the  nozzle  are 
subtracted.  This  gives  current  values  for  the  chamber-gas  mass  and  stoichi¬ 
ometry,  and  the  axial  addition  rate  of  mass.  These  are  used  to  calculate  the 
pressure,  temperature,  molecular  weight,  and  velocity  distribution  in  the 
chamber.  The  simplifying  assumption  is  made  that  at.  any  instant  the  pres¬ 
sure  is  constant  throughout  the  chamber,  and  the  gas  if  well  mixed. 

d.  Wall  Calculations 

When  a  computed  propellant  droplet  moves  radially  to  the  location 
of  the  combustion  chamber  wall,  its  fuel  or  oxidizer  mass  is  added  to  the 
axial  distribution  of  fuel  or  oxidizer  previously  deposited  on  the  chamber 
wall.  The  material  on  the  wall  experiences  axial  viscous  flow  under  the 
influence  of  shear  forces  exerted  by  the  chamber  gas  and  is  subject  to  boiloff 
from  heat  transferred  from  the  chamber  gas. 

The  boiloff  from  each  axial  segment  of  the  wall  is  calculated  from  a 
heat-transfer  coefficient,  calculated  from  the  Colburn  equation  corrected  for 
counter-current  mass  transfer.  Both  the  gas  shear  stress  and  heal  trans¬ 
fer  coefficients  arc  correlated  with  the  Reynolds  number  based  on  chamber 
diameter  evaluated  at  each  axial  segment  of  the  chamber. 

e.  Comparison  with  Experimental  Results 

The  objective  of  the  computer  calculationsis  to  predict  the  amounts 
and  properties  of  contaminant  material  formed  during  the  pulse-mode  oper¬ 
ation  of  small  rocket  engines.  Since  the  quantitative  experimental  data  on 
contaminant  production  is  still  rather  scanty,  the  experimental  confirmation 
of  the  model  must  be  based,  in  part,  on  other  experimental  data,  such  as 
chamber  pressure  traces,  which  arc  more  generally  available.  Two  recent 
papers  (3  and  4)  have  been  published  describing  contaminant  production  from 
pulse-mode  firings  of  the  22-pound  Marquardt  Rl-E  engine,  which  is  very 
similar  in  design,  but  larger  than  the  5-pound  Marquardt  R6-C  engine  used 
for  the  parametric  analysis  at  Appendix  A.  Many  aspects  of  the  experimen¬ 
tal  firings  of  the  Rl-F  engine  agree  with  the  trends  calculated  for  the  R6-C 
engine,  for  example,  see  Figure  6. 

Two  modes  of  contaminant  production  were  found  experimentally  (3). 
Large  drops  of  MM  1 1 -Nitrate  were  blown  from  the  lip  of  the  nozzle,  being 
directed  approximately  in  the  radial  direction,  i.  e.  ,  at  right  angles  to  the 
engine  centerline  ±45  degrees.  Much  smaller  particles  of  MMH-Nitrate  are 
carried  downstream  in  the  plume,  being  concentrated  along  the  engine 
centerline,  with  the  particles  being  directed  a  maximum  of  ±10  degrees 
from  the  centerline.  These  findings  are  in  agreement  with  the  model,  which 
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calculates  contaminant  production  from  material  which  flow  down  the  chamber 
as  wall -film  and  from  propellant  droplets  which  pass  through  the  throat 
incompletely  burned.  According  to  the  paper  of  Stechman  and  Thonet  (4) 
contaminant  production  from  a  series  of  17  ms.  pulses  is  strongly  dependent 
upon  hardware  temperature  and  upon  the  down-time  between  pulses,  maxi¬ 
mizing  at  about  80  milliseconds  for  the  Rl-F  engine  at  an  injector  temper¬ 
ature  of  60°  F.  The  existence  of  a  maximum  is  in  agreement  with  the 
computer  model,  which  calculates  that  the  emptying  of  the  dribble  volumes 
is  sequential  at  low  temperatures,  with  the  oxidizer  side  emptying  completely 
before  the  fuel  side  starts  to  empty  because  of  vapor  pressure  effects. 
According  to  the  model  calculations,  the  worst  case  for  contaminant  produc¬ 
tion  is  a  down-time  just  sufficient  to  empty  the  oxidizer  dribble  volume,  but 
not  the  fuel  dribble  volume. 

The  "worst  down  time"  for  the  Rb-C  engine  at  70°  F  is  calculated  to 
be  6  milliseconds,  while  the  value  for  the  larger  Rl-F  engine  at  bO°F  was 
experimentally  found  to  be  80  milliseconds  The  difference  between  the 
two  values  is  probably  a  reflection  of  the  steep  vapor  pressure  vs  tempera¬ 
ture  curve  for  NTO. 

Martinkovic  (3)  found  that  contaminant  production  was  a  function  of 
injector  temperature.  Mis  measurements  for  the  Rl-F  engine  show  fairly 
good  agreement  with  our  calculations  for  the  Rb-C  engine  as  shown  in 
Figure  6, 


I  absolute'  value's  for  contaminant  expelled  as  wall-film  were  also 
of  the  same  order  ol  magnitude.  The  Martinkovic  22-pound  Rl-E  engine 
experimentally  produced  0.  77 2  milligrams  of  wall-film  per  17  millisecond 
pulse  at  T'i'F  (about  1/1000  of  total  injected  propellant).  Our  calculations 
for  the  'i- pound  R6-C  engine  inelicaled  that  0.  161  milligrams  of  wall-film 
would  be  produced  per  RO-mill  isecond  pulse  at  70°  F,  excluding  post-firing 
dribble  (see  Appendix  A,  Parametric  Study). 

Figure  7  compares  a  suitably  documented  experimental  chamber 
pressure  trace  with  a  corresponding  computed  value.  The  two  curves  show 
surprisingly  good  agreement,  especially  in  the  prediction  of  events, 
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Figure  7.  Comparison  of  Calculated  and  Experimental  High  Altitude  Start 


CONTAMINANT  TRANSPORT  (See  Appendix  B  for  further  details). 


Having  defined  the  average  amount  ol  liquid  phase  contaminant  ejected 
from  the  lombuslor  for  each  pulse  segment  (see  subsection  ill.  1)  the  two- 
phase  no/./.lr  and  plume  flow  is  then  computed  for  transient  and  steady  state 
pulse  segments,  using  method-ol-i  haraete  ristics  computer  programs  des¬ 
cribed  by  .Nickerson  and  Kliegcl  in  (  5)  and  modified  by  Gabbert  and  Hoffman 
to).  In  Figure  5,  these  programs  are  identified  as  TD2  and  TD2P.  Varia¬ 
tions  in  ihamber  pressure,  diamber  temperature,  droplet  velocity,  and 
d  roplet  -  s  l/.e  distribution  produce  considerably  different  two-phase  flow  fields 
for  each  of  the  pulse  segments  I  p  re  ignition,  ignition,  steady  state,  and  tail- 
off  i  and  therefore  require  a  unique  analysis  for  each  pulse  segment. 


Because  Hcvcral  contaminant  suiincs  originate  upstream  ol  (lie  nuzzle 
exit  plane  (tor  example,  unburned  propellant  and  nonrqutl  ibrium  i  ondensed 
fuel  nitrate  species),  it  is  necessary  to  obtain  a  complete  i  ha  rac  te  fixation  ol 
the  multiphase  How  at  the  nuzzle  exit,  iiu  hiding  d  ropl  et  /  pa  rt  i  c  I  e  distribu¬ 
tions  (siz.e,  velocity,  temperature,  and  speiiesl  as  well  as  an  axisymmetn 
distribution  oi  the  gas -phase*  llow.  The  extreme  radial  compression  of 
d  ropl  et/ pa  rt  it  1  e  laden  regions  indicates  the  need  lor  act  urate  information 
concerning  the  combustor  and  nozzle  transport  ol  i  ondeiisables  as  input  to 
the  plume  analysis. 

Starting  at  the  convergent  nozzle  sections,  up  to  10  droplet  groups  are 
considered  as  an  approximation  to  the  distribution  of  condensed  phase 
material  produced  in  the  combustion  chamber.  The  i  one  ent  rn  t  ions ,  distri¬ 
bution,  and  trajectories  ol  each  d  ropl  et  /  pa  rt  ic  le  group  are  considered  at 
each  mesh  point  in  the  axis y mmet  ric  met hod-oi-cha  racte  ristii  s  flow  analysis 
throughout  the  entire  nozzle  and  plume,  fully  coupled  momentum  exchange 
(drag)  between  the  gas  and  droplet/particle  phase  is  considered,  including 
rarefication  effects.  The  results  (output)  of  this  program  set  provide  the 
initial  conditions  (input)  for  the  impingement  model  and  subsequently,  the 
surface  effects  analysis. 

While  the  transport  model  will  provide  information  about  the  dynamic 
condition  and  flux  of  species  arriving  in  the  vic  inity  of  a  functional  surface 
submerged  in  an  exhaust  plume,  the  kinetic/condensation  model  and  the 
deposition  model  are  required  to  provide  information  regarding  the  chemical 
composition  and  amount  of  plume  exhaust  material  ac  tually  deposited  on  the 
submerged  surface. 

3.  CHEMICAL  KINETICS  AND  CONDENSATION  IN  THE 

NOZZLE  AND  PLUM  FLOW  FIELD  (Sec  Appendix  C 

for  further  details) 

In  addition  to  unburned  propellant  droplets,  many  liquid-bipropellant 
exhausts  contain  condensed  phases  as  an  important  c  ontaminant  source.  The 
primary  condensables  in  bipropellant  plumes  are  thought  to  be  1LO  and 
nitrate  salts  of  the  fuel.  One  of  the  major  study  objectives  was  to  review 
existing  data  on  plume  condensables  and  to  model  the  mechanism  of  conden¬ 
sation  analytically  in  rocket  nozzles  and  exhaust  plumes.  A  thermodynamic 
nonequilibrium  nuclcation  and  condensation  model  has  been  developed  and  is 
discussed  in  detail  in  Appendix  C.  The  MDAC  Slreamtubc  Chemical  Kinetics 
and  Condensation  Computer  Program,  identified  in  Figure  5  as  KLNCON,  has 
provided  the  framework  lor  development  ol  this  portion  oi  the  model.  A  pre¬ 
liminary  study,  using  the  combined  chemical  kinetics  and  condensation  model, 
was  performed  to  size  condensation  cha  ra«  te  ristics  in  the  nozzle  and  plume, 
corresponding  to  typical  engine  operating  regimes  (both  transient  and  steady 
state),  The  relative  effect  of  condensation  as  a  contaminant  source,  relative 
to  combustion  chamber  sources,  is  yet  to  be  determined,  although  it  is 
thought  to  be  an  important  factor  in  contamination  of  surlaccs  beyond  the 
central  core  of  the  plume  where  heavy,  unburned  propellant  droplets  seem 
to  dominate. 
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The  modeling  of  this  phase  of  the  contaminant-production  problem 
requires  (  1 )  the  chemical  kinetic  analysis  oi’  the  expanding  exhaust  gases  and 
(ill  a  realistic  analysis  ul  the  condensation  process, 

a.  Chemical  Kinetics  Model 

The  chemical  kinetic  processes  in  the  nozzle  and  plume  are  calcu¬ 
lated  along  streamlines  utilizing  the  MDAC  K1NC0N  computer  program.  The 
K.1NCUN  program  possesses  several  unique  features  which  make  it  well 
suited  lor  anlyzing  the  nozzle/plume  chemical  kinetics.  These  features 
include  (1)  a  fully  implicit  numerical  integration  scheme  that  permits  the 
rapid  integration  of  the  full  set  of  kinetic  equations  (up  to  40  species  and 
150  reactions)  with  complete  numerical  stability;  (2)  capability  to  treat  the 
addition  (or  subtraction)  of  mass,  momentum,  and  energy  to  the  streamtube 
by  specifying  the  specific  rate  as  a  function  oi  streamtube  distance; 

(3)  reaction- rate  screening  capability,  which  identifies  reactions  and  species 
that  are  unimportant  and  need  not  be  considered  in  the  calculation  of  a 
specific  species  concentration  or  fluid  property  in  any  particular  application. 

Principal  assumptions  inherent  in  the  use  of  the  streamtube  kinetics 
model  include  the  following:  (1)  the  flow  is  one-dimensional,  steady,  and 
inviscid;  (2)  each  component  of  the  gas  mixture  is  a  perfect  gas;  and 
l3l  internal  degrees  of  freedom  of  each  component  are  in  equilibrium. 

b.  Condensation  Model. 

It  is  well  known  that  condensation  of  a  rapidly  expanding  supersonic 
flow  dues  not  occur  at  the  point  in  the  flow  where  the  gas  equilibrium  tem¬ 
perature  reaches  the  saturated  vapor  temperature  of  the  particular  species 
in  question.  Instead,  condensation  is  delayed  and  eventually  occurs  as  a 
"condensation  shock"  or  condensation  zone  downstream  of  the  equilibrium 
condensation  point.  Although  this  phenomenon  is  not  thoroughly  understood, 
it  may  be  caused  by  a  number  of  factors,  including  (1)  lack  of  nuclear 
material  on  which  condensables  may  form  and  (2)  inability  of  the  surrounding 
gas  phase  to  readily  remove  htat  from  the  condensing  material. 

To  treat  condensation  effects  in  rapidly  expanding  gases,  a  kinetic 
model  of  the  condensation  process  utilizing  the  classical  liquid  drop  theory 
was  adopted.  The  condensation  phenomenon,  as  described  by  this  model, 
occurs  as  a  result  of  two  distinct  processes:  (1)  nucleation  and  (2)  droplet 
g  rowth . 


As  saturated  vapor  conditions  are  reached  in  a  rapid  expansion, 
sufficient  surface'  area  will  not  usually  exist  for  the  condensation  required  to 
maintain  equilibrium  I  1JV  Pvs),  and  a  supersaturated  condition  results 
(  Pv  >  !\.s).  The  nucleation  process  (spontaneous  sclf-nucleation)  occurs  in 
the  expanding  supersaturated  vapor  and  involves  the  clustering  oQf  vapor 
molecules  to  give  rise  to  very  small  nuclei  (radius  of  10  to  100  A).  Cnly 
nuclei  reaching  the  critical  drop  radius  r:  can  exist  and  grow'.  The  critical 
drop  size  is  determined  from  thermodynamic  equilibrium  considerations  and 
represents  the  size  at  which  the  drop  has  an  ecpial  probability  of  cither 
evaporating  or  growing. 
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Figure  8  illustrates  the  effects  of  condensation  on  the  flow  static- 
pressure  and  temperature,  hollowing  the  saturation  point,  the  vapor  con¬ 
tinues  to  expand  along  the  frozen  gas  isentrupe  until  a  suitable  number  of 
nuclei  are  formed  and  the  droplet  growth  process  begins.  At  this  point,  the 
effects  of  condensation  are  observed.  Both  the  static  pressure  and  tempera¬ 
ture  increase  rapdily  with  the  temperature  approaching  the  saturated-vapor 
temperature.  The  expansion  then  continues  along  a  different  isent  ropi- 
corresponding  to  a  new  gas  mixture. 

4.  DEPOSITION,  ABRASION,  AND  SURFACE  El-'l-ECTS 

(See  Appendix  D  for  further  details) 

A  simplified  analytical  model  for  the  prediction  of  plume  contaminant 
deposition,  surface  abrasion  due  to  liquid  and  solid  particle  impingement, 
and  changes  in  thermal  and  optical  surface  propertie  s  due  to  deposition  or 
abrasion  has  been  completed.  Additional  work  is  required  to  couple  the 
resulting  computer  program,  SURFACE  (See  figure  5),  to  the  total  contami¬ 
nation  prediction  analysis  and  to  extend  the  model  to  a  general  class  of 
contaminants  and  surfaces.  A  brief  outline  of  the  model  will  be  given. 

Development  of  a  surface  effects  model  depends  heavily  upon  experimen¬ 
tal  data  relating  plume  species  deposition  and  mechanical  abrasion  charac¬ 
teristics  to  changes  in  Q  and  «  ,  in  the  case  of  thermal  surfaces;  and  changes 
in  transmissivity  and  reflectivity,  in  the  case  of  optical  surfaces.  Such  data 
are  scarce  for  realistic  plume -depos  ition  products,  such  as  MMH  -  Nit  rate, 
although  recent  experiments  have  provided  some  data. 

The  first  step  in  developing  a  model  to  predict  surface  property  changes, 
based  on  a  computed  amount  of  abrasion  or  deposition,  is  to  examine  the 
possible  interactions  of  plume  material  with  spacei  raft  surfaces.  The  pre¬ 
liminary  model  developed  accounts  for  plume- induced  changes  in  u  and  e  on 
thermal  control  surfaces,  such  as  heat- rejection  radiators.  This  model  will 
be  extended  to  include  optical  surfaces  in  future  studies. 

Figure  9  is  a  sketch  of  the  possible  interactions  with  both  coated  and 
uncoated  portions  of  a  radiator  surface. 

a.  Solar  Abso  rptivity 

The  absorptivity  of  the  system  is  primarily  determined  by  the 
characteristics  of  the  external  surface  upon  which  the  external  radiation 
falls.  The  average  or  net  absorptivity  um,j-  of  the  radiator  can  be  taken  as 
the  mean  of  the  absorptivity  of  each  type  of  absorptive  surface  aj  times  the 
area  of  each  type  A-.  Generally,  cij  is  a  simple  term,  easily  determined  or 
calculated,  but  in  some  instances,  such  as  a  transparent  deposit,  terms 
related  to  the  thickness  and  internal  parameters  of  the  deposit  become 
important. 

b.  Hemispherical  Emissivity 

When  contaminant  deposits  are  thin,  it  is  assumed  that  they  offer 
little  resistance  to  heat  flux  through  the  layer.  The  emissivity  of  the  sur¬ 
face  is  assumed  to  be  that  of  the  contaminant  layer.  For  thick  layers  of 
deposits,  the  impedance  to  heat  flow  through  the  layer  is  also  modeled. 
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AXIAL  DISTANCE  (IN.) 
la)  PRESSURE  PROFILE 


Figure  8.  Static  Pressure  and  Temperature  Profiles  for  Condensing  Nozzle  Flow  (Sample  Case  1:90%  H2O, 
10%  N2  Mixture,  PQ  =  1.25  Psia,  T0  =  1,000°R,  Cone  Angle  =  6  Deg) 
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Figure  9.  Contaminant  Effects  Physical  Model-Heat  Rejection  Radiators 
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Surface  Abrasion 


c . 


Abrasion  can  occur  on  either  or  both  of  the  coated  or  uncoated 
portions  of  the  radiator  surface.  Abrasion  of  the  radiator  coating  affects  the 
heat  flux  in  a  step-function  fashion,  if  only  the  the  rmal -control  coating  is 
abraded,  the  effect  is  simply  that  of  decreasing  the  original  coating  thickness 
without  affecting  the  absorptivity  or  the  emissivity.  If  the  abrasion  proceeds 
far  enough,  it  will  penetrate  through  the  coating  and  expose  an  area  of  the 
metal  plate  substrate.  The  abrasion  of  the  metal  surface,  both  that  origi¬ 
nally  present  and  that  exposed  by  removal  of  the  coating,  will  alter  its  u „  and 
€p  significantly.  The  abraded  area  of  the  metal  will  consist  of  two  parts, 
tne  part  that  was  originally  bare  and  now  abraded,  plus  all  that  was  exposed 
when  the  coating  is  abraded  away.  It  is  assumed  that  in  any  area  where  the 
abrasion  is  sufficient  to  remove  the  coating,  the  flow  field  will  attac  k  the 
metal  at  once. 

d.  Material  Deposition 

A  deposit  of  material  from  the  plume,  randomly  located  on  the 
exterior  of  the  spacecraft  radiator,  acts  simply  like  an  additional  coating 
through  which  the  heat  must  be  transferred.  The  deposit  may  be  transparent 
(crystalline,  glassy,  or  liquid),  or  it  may  be  opaque  due  to  either  its  basic- 
nature  or  to  particle  sizes. 

Opaque'  deposits  affect  the  heat  flux  in  a  manner  identical  to  the 
thermal-control  coating.  The  situation  can  become  more  complex  if  the 
deposit  forms  a  transparent  film.  Such  films  are  not  completely  transparent 
at  all  wavelengths,  and  therefore  a  complex  interaction  occurs. 

Radiant  energy  impinging  from  the  environment  is  partly  reflected, 
partly  absorbed,  and  partly  transmitted  into  the  film  at  the  outer  surface  in 
accordance  with  the  usual  p,  u,  and  t  coefficients.  As  the  energy  passes 
through  the  thickness  of  the  film,  more  of  it  is  absorbed.  At  the  bottom 
surface  with  the  opaque  paint  or  metal,  the  energy  is  either  absorbed  or 
reflected.  That  portion  of  the  radiation  that  is  reflected  from  the  substrate 
then  passes  outward  through  the  film,  and  again,  part  is  absorbed.  When 
the  energy  again  reaches  the  outer  surface,  the  part  that  strikes  the  surface 
at  less  than  the  critical  angle  is  radiated  away;  but  the  portion  that  strikes 
the  surface  at  an  angle  equal  to,  or  greater  than,  the  critical  angle  cannot 
escape  and  is  eventually  absorbed.  A  similar  process  also  occurs  for  the 
emission  of  energy  from  and  through  the  transparent  layer. 


section  iv 

Till-.  CON  TAM  COMPU  I  Ki<  PI' '  X  i  I!  A  M 


1.  GENERAL  DESCRIPTION 

This  section  describes  the  integrated  computer  program,  CONTAM, 
which  lias  been  developed  to  provide  an  m^iuer  r  in;j  design  too!  for  the  pre¬ 
diction  ol  plume  contaminant  ellects  on  sensitive  spate*  rult  surlates  arising 
from  direct  plume  impingment.  Figure  It)  illustrates  the  component  subpro¬ 
grams  of  the  C  O  N  T  A  M  program.  The  CUNT  AM  program  is  capable  of 
independently  running  any  of  the  subprograms  or  ol  running  the  entire  analy¬ 
sis  sequentially  and  automatically,  subject  to  the  restriction  below.  When 
run  independently ,  the  capabilities  of  each  of  the  subprograms  may  be 
extended  to  solve  problems  associated  with:  combustion  dynamics;  nozzle 
and  plume  multiphase  flow  field  characterization;  nom-qui  1  i b rium  streamtube 
chemical  kinetics  and  condensation;  and  impingement,  deposition,  abrasion, 
and  surface  property  changes  — not  necessarily  associated  with  plume 
contamination. 

During  the  study  effort,  a  bi  propel  In  ut  tontaminant  production  model, 
contaiminant  transport  model,  nonequilibrium  condensation  model,  and  sur¬ 
face  effects  model  were  developed  and  coded.  The  surface  effects  mode/ 
development  was  deemphasi/.ed  due  to  funding  constraints,  and  therefore  has 
not  been  completed  to  the  level  of  sophistication  of  the  other  subprograms. 

At  present,  automatic  interfacing  of  the  contaminant  production  subprogram, 
TCC,  with  the  contaminant  transport  subprogram,  M  U  LT  R  .AN ;  and  the  kinet¬ 
ics  and  condensation  subprogram,  KIN  CON ,  v.  ith  the  surface  effects  subpro¬ 
gram,  SURFAC  E,  has  not  been  provided.  Provisions  have  liven  made, 
however,  for  easily  interfacing  these  subprogram.-,  in  the  future. 

Each  of  the  major  subprograms  of  Ct  jN  1  AM  are  described  in  detail  in 
separate  appendixes  as  follows: 

Appendix  A  TCC  Transient  Combustion  Chamber  Dynamics 

Computer  Program  (a  bipropellant  con¬ 
taminant  produtfion  m.idel) 

Appendix  B  M  U  LT  RAN  Multiphase  Nozzle  and  Plume  Transport 

Computer  Program  (a  multiphase  nozzle 
and  plume  flow  fund  >  ha  rat  te  ri  zat  ion 
l  node  1 ) 

Appendix  C  KINCON  Nonequiiibrium  (‘heuiit.il  Kinetics  and 

Contleus.iti.m  Computer  Program  (a  multi¬ 
phase  reacting  gas  streamtube  model) 


Preceding  page  blank 
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Figure  10.  Schematic  of  the  Plume  Contamination  Effects  Prediction  Computer  Program  C0NTAM 


Appendix  D  S  U  RP  AC  Id  Deposit  inn  >mil  Sn  rfa  ce  1. Meets  Computer 

Program  (a  plume  i  1 1 ip i ngement ,  disposi¬ 
tion,  .1 1) r;i s : m i ,  and  suri.n’e  i  ontaminalion 
effect  mode  I  ) 

This  section  concentrates  on  describing  l  lie  operation  ol  the  integrated 
program  CONTAM,  and  the  interfacing  of  the  various  s  ubp  rug -a  jus  .  1'he 
reader  is  referred  to  the  appropriate  appendix  for  detailed  inlormation  con¬ 
cerning  the  operation  of  the  individual  subprogram. 

The  CONT AM  program  is  written  in  FORTRAN  fV  and  requires 
Z20,  OOOg  core  locations  to  load  anti  execute  in  the  automatic  mode.  The 
program  contains  111  subroutines  and  is  currently  operational  on  Ihe 
CDC  6500  and  CDC  6600  computers. 

a.  Combustion  Chamber  Contaminant  Production 

Unburned  propellant  and  intermediate  products  ol  combustion  (gas 
and  liquid  phase)  ejected  from  the  combustion  chamber  are  considered  first 
as  a  source  of  contaminants.  Referring  to  Figure  I  I,  the  Transient  Combus¬ 
tion  Chamber  Dynamics  (TCC)  subprogram,  is  used  to  generate  contaminant 
production  data.  The  results  of  the  TCC  subprogram  are  time  dependent  and 
require  interface  manipulation  for  subsequent  modeling  and  analyses  since 
the  transport  model  treats  the  flow  as  steady  state.  After  examination  of  the 
production  of  contaminants  during  the  entire  transient  pulse,  representative 
"time  slices"  are  chosen  so  that  gas  and  liquid  properties  may  be  averaged 
over  the  time  intervals  for  use  as  input  to  the  M U I. TRAN  subprogram.  The 
required  output  from  TCC  includes:  chamber  pressure,  chamber  tempera¬ 
ture,  droplet  size  distribution,  droplet  velocity,  and  mass  flux  of  gas  and 
droplets. 

b.  Contaminant  Transport 

Having  defined  the  average  amount  of  gas  and  liquid  phase  ejected 
from  the  combustor  for  each  pulse  segment,  the  two-phase  nozzle  and  plume 
flow  is  then  computed  for  each  steady  state  pulse  segment,  using  mothod-of- 
characteristics  computer  subprogram  M U  FT R A N  (subprograms  TD2,  TD2P, 
and  SEINES  arc  included  in  MULTKAN). 

Computer  subprogram  S LINES  was  developed  to  provide  the  neces¬ 
sary  interface  between  the  T  D2 ,  T  D2  P  and  the  KIN  CON  subprograms.  Basic¬ 
ally,  5 LINES  interpolates  between  points  on  each  characteristic  line  to  provide 
exhaust  gas  properties  for  points  on  a  streamline.  A  streamline  is  defined 
as  that  line  which  runs  through  the  throat,  nozzle,  and  plume,  bounding  a 
given  constant  percentage  of  the  mass  flow  between  it  and  the  nozzle  axis. 

c.  Chemical  Kinetics  and  Condensation 

In  addition  to  unburned  propellant  droplets,  many  I  iquid- bip  ropel  lant 
exhausts  contain  condensed  phase  products  of  combustion  as  an  important 
contaminant  source.  The  formation  of  condensables  in  liquid  propellant 
exhausts  has  been  analytically  modeled.  The  K IXCOX  subprogram  predicts 
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Figure  11.  Schematic  of  Contamination  Processes  and  Related  Subprograms 


the  nuzzle  and  plume  condensation  effects  utilizing  a  classical  nucleation  and 
droplet  growth  model.  It  also  provides  the  gas-phase  chemical  kinetics 
analysis  along  streamlines. 

d.  Deposition  and  Surface  Property  Effects 

The  flux  uf  contaminants  approaching  a  surlace  submerged  in  a 
bipropellant  plume,  as  determined  above,  provides  the  starting  point  lor  the 
analysis  of  liquid  and  solid  deposition  on  impinged  surfaces.  A  model  has 
been  developed  to  account  for  the  accommodation  of  momentum  and  energy 
upon  impact  of  liquid  and  solid  particles  and  to  predict  the  amount  and  slate 
(thin  film,  thick  film,  droplets,  crystals,  etc.)  of  the  deposited  materials. 
Damage  and  changes  in  surface  properties  due  to  mechanical  abrasion  and/or 
deposition  are  also  treated  in  this  subprogram,  SURFACE.  The  surface 
property  changes  considered  are  absorptivity,  cmissivity,  reflectivity,  and 
transmissivity.  Development  of  this  subprogram  is  not  complete  and,  there¬ 
fore,  is  discussed  only  briefly  in  Appendix  D. 

2.  PROGRAM  DESCRIPTION 

This  section  describes  the  structure  and  logic  of  the  Plume  Contaminant 
Effects  Prediction  Computer  Program,  CONTAM.  Particular  emphasis  is 
placed  on  the  description  of  the  main  program,  the  overlay  structure,  and  the 
data  interface  between  the  various  subprograms.  Detailed  descriptions  of  the 
subprograms  may  be  found  in  the  appropriate  appendix. 

The  CONTAM  program  is  structured  so  that  any  one  subprogram  may  be 
run  independently  or  any  number  of  the  subprograms  may  be  run  sequentially 
and  automatically.  Only  the  main  program  and  the  required  subprogram 
reside  in  computer  core  during  operation.  In  the  sequential  and  automatic 
mode  of  operation,  upon  completion  of  operation  by  a  particular  subprogram, 
that  subprogram  is  removed  from  the  computer  core  and  is  replaced  by  the 
sequentially  required  subprogram. 

The  program  runs  on  the  CDC  6500  computer  system.  It  is  coded  in 
FORTRAN  IV  and  requires  a  field  length  of  220,  000g.  If  TCC  is  not  run  on  a 
particular  submittal,  the  field  length  may  be  reduced  to  I35,000g.  The  con¬ 
version  of  the  program  to  another  third  generation  computer  should  be 
straight-fo  rward. 

The  main  program  (EXEC)  was  coded  to  perform  the  required  selection 
of  the  various  subprograms.  It  initializes  certain  logical  control  variables, 
accepts  control  variables  through  input,  and  provides  overall  logit,  control 
for  the  program.  It  also  provides  overlay  communication. 

3.  PROGRAM  OVERLAY  STRUCTURE 

The  program  overlay  structure  is  depicted  in  Figure  12.  The  program 
contains  seven  second-level  overlays,  cadi  corresponding  to  a  particular 
subprogram.  The  overlay  structure  extends  to  three  levels. 
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Figure  12.  CONTAM  Computer  Program  Overlay  Structure 


4.  PROGRAM  DATA  INTERFACES 


The  resultant  data  from  the  various  subprograms  reside  on  magnetic 
tape  or  disc  file  for  use  by  subsec|uent  subprograms. 

The  data  interface  has  been  designed  so  that  the  inpul  and  output  data  to 
a  particular  subprogram  are  preserved  subsequent  to  tin-  running  of  that  sub¬ 
program,  while  at  the  same  Lime,  the  number  of  logical  file  units  used  are 
minimized  by  reusing  logical  files.  This  means  that  while  the  user  may  run 
each  program  independently  but  sequentially,  if  the  data  output  from  a  partic¬ 
ular  subprogram  is  not  acceptable  for  some  reason,  the  input  data  file  to 
that  subprogram  has  been  preserved  so  that  the  user  has  a  "restart"  capa¬ 
bility  without  having  to  restart  from  the  initial  subprogram  of  the  sequence. 

a.  TCC  Data 

Data  output  from  TCC  is  written  onto  logical  file  1 2  for  use  by  the 
MU LTRAN  subprogram  as  input  to  TD2  subprogram.  In  addition,  logical 
files  1,  16,  and  48  are  used  internally  by  TCC .  File  1  contains  the  variable 
data  used  by  the  plotting  routine  of  TCC.  Files  16  and  48  are  required  files 
for  the  system  plotting  package. 

b.  TD2  Data 

The  input  logical  file  number  for  the  T D2  program  is  10.  The  T D2 
subprogram  provides  data  output  on  two  logical  files;  8  and  12.  Logical  file 
8  contains  data  required  to  be  input  to  the  TIL  P  subprogram.  Logical  file  12 
provides  input  data  for  the  SLINKS  subprogram  and  the  deposition  and  surface 
effects  subprogram,  SURFACE, 

c.  TD2JP  Data 

Subprogram  T D2  P  receives  its  input  data  from  logical  file  8.  TD2P 
provides  output  data  on  logical  files  and  12.  File  contains  radiation  and 
force  field  data.  File  12  contains  the  contaminant  properties  data.  The  sub¬ 
routine  which  writes  on  file  12  is  common  to  both  TD2  and  TD2P.  It  is 
located  in  the  main  overlay  level  so  that  it  is  accessible  to  both  subprogram 
overlay  levels. 

d.  SI.INES  Data 

The  SLINES  subprogram  reads  data  from  logical  file  12  which  has 
been  generated  by  subprograms  T  D2  and  T  D2  P .  It  generates  the  streamline 
data  and  writes  this  data  on  logical  file  8  for  use  by  the  K I N C Q N  subprogram. 

e.  KINCON 

The  KINCON  subprogram  uses  six  logical  file  unit;  I’he  file  unit 
numbers  are  1,  4,  8,  10,  11,  and  12.  Files  1,  10,  and  11  are  scratch  files 
used  internally  by  the  subprogram.  File  1  contains  the  initial  conditions  and 
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area  ratio  table  to  bo  used  in  the  condensation  calculation.  File  10  contains 
thermal  data,  only  lor  the  specilic  species  being  considered  in  the  run,  which 
has  been  packed  in  a  data  block.  File  11  contains  reaction  tables.  Files 
I  and  S  are  input  liles.  File  -I  is  an  optional  input  which  contains  a  list  of 
thermal  properties  in  JAM  Ah’  lormat.  Since  logical  file  -I  is  an  optional 
input,  if  it  is  not  used  as  such,  it  will  default  to  an  internally  used  file  by  the 
subprogram.  [1  the  logical  file  -1  input  is  noL  exercised,  the  thermal  proper¬ 
ties  data  must  be  input  by  punched  cards  (see  Appendix  C).  The  subprogram 
will  then  write  JAMAF  thermal  properties  on  logical  file  J  from  the  punched 
card  input.  Obviously,  with  the  appropriate  control  cards,  file  -I  may  then 
be  saved  for  subsequent  use.  File  8  contains  the  streamline  properties 
required  by  the  KINGON  subprogram.  Logical  file  13  is  the  output  tape  of 
the  subprogram  and  contains  the  multiphase  and  kinetic  results  to  be  used  by 
the  deposition  and  surface  effects  subprogram,  SU  RFACE.  Since  the  surface 
effects  subprogram  has  not  been  completely  developed  and  amalgamated,  the 
logical  file  13  output  from  the  KING  ON  subprogram  has  not  been  implemented 
yet. 

a.  PROGRAM  USKRS  MANUAL 
a.  Input  toCONTAM 

Punched  card  input  is  required.  Logical  file  4  input  is  optional,  but 
the  option  must  be  specified  in  the  card  input.  The  discussion  pursued  in 
this  section  pertains  only  to  the  sequential  automatic  mode  of  operation. 

The  punched  card  inputs  required  are  of  two  types;  NAMELISTS  and 
other  nonstandard  format.  Subsection  5.  b  describes  the  general  nature  of  the 
data  input  through  the  various  NAMELISTS  and  indicates  the  subprograms  to 
which  thev  apply.  For  a  detailed  description  of  the  contents  of  the  various 
N  A  ME  I  .IS  LS ,  the  user  should  refer  to  the  appropriate  Appendix  for  each  sub¬ 
program  <  i  s  listed  in  subsection  >  I  this  section. 

A  detailed  description  of  the  nonstandard  inputs  will  be  found  in 
Appendix  G  since  they  apply  to  the  KING  ON  subprogram.  Subsection  5.d 
describes  the  required  .-tacking  (organization)  of  the  punched  cards. 

Seition  8  presents  a  sample  case  which  includes  a  data  listing,  the 
re. -ul  ting  output,  a  n:  o  'day  file"  from  the  CDC  6500  computer  system.  The 
"day  file"  is  included  to  illustrate  the  required  system  control  cards  and 
their  p  rope  r  ,-eq men  > • . 

hi  addition  to  the  aforementioned  inputs,  there  are  the  data  inter¬ 
faces  width  are  required  by  the  various  subprograms  and  discussed  in  sub¬ 
jection  I  ol  this  sei  lion.  l'hese  interface  data  should  be  considered  as 
inputs  when  running  the  subprograms  independently. 
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b.  Program  NAMELISTS 

Table  1  presents  a  list  of  the  name.-,  o!  eaeh  X  A  M  L  1  .1ST  and  the  sub¬ 
programs  to  which  they  correspond.  To  determine  the  details  and  param¬ 
eters  contained  in  each  NAME  LIST,  the  user  should  refer  to  the  appropriate 
Appendix  as  listed  in  subsection  I  of  this  section.  N  A  M  E 1  .IS  TS  required  by 
CONTAM  (the  main  program)  are  described  in  the  subsection  5.e. 


Table  I.  NAMELIST  AND  SUB  PROG  HAM 


NAMELIST  Name 

Subprogram 

NCASE 

CON  TAM 

(EXEC) 

IPATH 

CONTAM 

(EXEC) 

INPUT  I 

TCC 

DATA 

T  DZ 

DATAP 

T  DZ  P 

SID 

SLINES 

THERMO 

KIN  CON 

PROPEL 

KINCON 

IMPING 

SURFACE 

c.  CONTAM  NAMELISTS 

Two  NAMELISTS  are  required  by  the  main  program,  CONTAM,  to 
provide  control  of  the  overall  program.  They  arc: 

(  1 )  NAME  LIST/ NC  AS  E/ 

(Z)  NAMELIST/ 1  PATH/ 

There  is  only  one  parameter  in  the  NAM  ELIST /NCASE /.  It  is 
ICASE.  ICASE  is  an  integer  variable  which  tells  the  program  how  many 
pulse  segments  are  to  result  from  the  transient  pulse  output  of  the  TCC  sub¬ 
program.  Each  pulse  segment  is  considered  a  "case."  Each  subsequent 
subprogram  in  the  sequence  must  operate  on  each  pulse  segment  (case),  one 
segment  at  a  time . 

NAMELIST/IPATH/  contains  nine  variables.  However,  only  two  of 
the  variables  are  required  per  run  ( seque  ntia  I -automat  i  i  mode).  The  vari¬ 
able  list  for  NAMELIST/IPATH  is: 

•  TCC 

•  SSCP 

•  TDZ 

•  TD2P 

•  SLINES 

•  MG  I\S 

•  DUM7 

•  KMODE 

•  NS  L 
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Each  variable  except  KMODE  and  NSL  is  logical.  For  example: 

TCC  =  T,  TD2P  =  T, 

The  above  example  indicates  that  the  first  subprogram  to  be  run  will 
be  TCC  and  the  last  will  be  TD2 P.  It  is  only  necessary  to  input  the  first  and 
last  subprograms  to  be  run.  If  only  one  subprogram  is  to  be  run,  only  that 
one  variable  need  be  input,  unless  the  KINCON  subprogram  is  to  be  run;  then 
KMODE  and  NSL  may  also  be  required. 

The  variable  KMODE  is  used  only  when  the  KINCON  subprogram  is 
run  independently.  If  used,  it  is  input  as  the  integer  variable  "one.  "  It  indi¬ 
cates  that  certain  options  will  be  exercised  in  the  operation  of  the  KINCON 
subprogram.  These  options  are  described  in  Appendix  C. 

The  variable  NSL  is  required  only  when  the  KINCON  subprogram  is 
run  independently .  NSL  indicates  the  number  of  streamlines  that  will  be 
analyzed  by  the  KINCON  subprogram.  If  subprogram  SLINES  is  run  in  con¬ 
junction  with  the  KINCON  subprogram,  any  NSL  value  input  here  will  be  over¬ 
ridden  by  the  value  of  NSL  input  for  the  SLINES  subprogram. 

d.  Nonstandard  Format  Inputs 

All  of  the  nonstandard  format  punched  card  inputs  are  used  by  the 
KINCON  subprogram.  The  names  of  these  inputs  are: 

•  Thermodynamic  Data  (Optional) 

•  Title  Card 

•  Species  Cards 

•  Reaction  Cards 

The  format  for  the  data  on  these  cards  is  detailed  in  Appendix  C. 

e .  Input  Ca  rd  Stack 

Figure  13  depicts  the  organization  of  the  punched  card  deck  required 
for  automatic  sequential  operation  of  the  entire  program.  For  independent 
operation  of  subprogram(s),  only  the  input  data  required  for  operation  of  the 
desired  subprog  ra  m(  s),  in  addition  to  the  CONTAM  input  data,  should  be 
included  in  the  data  deck.  For  example:  If  only  subprograms  TD2  and  TD2P 
are  desired  to  be  run,  the  data  required  for  TCC,  SLINES,  and  KINCON 
should  be  removed  from  the  deck  illustrated  in  Figure  13. 
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SECTION  V 


SAMPLE  CASE 


This  section  presents  a  data  listing  and  printed  output  for  a  sample  case 
run  in  the  automatic  sequential  mode  on  the  CDC  6500  computer  system. 

1.  DEFINITION  OF  SAMPLE  CASE 

The  sample  case  is  chosen  to  illustrate  the  application  of  the  successive 
subprograms  of  CONTAM  for  the  prediction  of  the  contamination  effects 
resulting  from  a  typical  firing  of  a  real  rocket  engine.  The  engine  chosen 
for  these  computations  is  the  Marquardt  R-6C.  The  R-6C  is  a  commer¬ 
cially  available  NTO-MMH  rocket  engine  having  a  nominal  thrust  of  five 
pounds  and  designed  for  pulse-mode  operation.  It  is  an  excellent  choice  for 
experimental  vacuum -chambe  r  studies  of  contaminant  production  because  of 
its  small  size,  which  makes  it  easier  to  maintain  vacuum  in  the  test 
chamber,  and  its  short  pulse  capability  which  can  be  used  to  aggravate  the 
production  of  contaminants.  The  effect  of  the  small  engine  size,  however, 
must  be  considered  in  designing  the  experiment.  The  R-6C  is  being  used 
in  an  experimental  contaminant  effects  study  currently  underway  at  NASA 
Lewis  Research  Center  under  the  direction  of  Dr.  Herman  Mark.  It  is  hoped 
that  the  computed  values  for  contaminant  production,  transport,  deposition, 
and  surface  effects  can  be  expe  rimentally  verified  by  comparison  with 
experiments  such  as  those  being  run  at  NASA  Lewis  Research  Center. 

A  pulse  width  of  50  milliseconds  was  chosen  for  our  computations.  This 
is  short  enough  to  show  appreciable  transient  effects  without  being  so  short 
as  to  be  unrealistic  compared  to  actual  duty  cycles  used  with  anengine  of 
this  type.  In  our  calculations,  the  engine  is  fired  with  its  walls  initially 
clean  and  with  its  dribble  volumes  both  initially  empty,  but  with  the  lines 
full  of  propellant  behind  the  valves.  This  initial  condition  would  be  easier 
to  match  experimentally  than  any  prescribed  axial  accumulation  of  fuel  and 
oxidizer  on  the  wall  or  partially  filled  dribble  volumes.  The  chamber, 
injector,  and  tankage  were  initially  set  to  room  temperature  values,  again 
for  ease  of  experimental  comparison.  The  line  lengths,  line  diameters, 
tank  pressures,  and  other  installation  and  operational  variables  were  chosen 
to  agree  with  the  NASA  Lewis  vacuum  chamber  installation,  and  the  base 
case  run  parameters. 

2.  CONTAMINANT  PRODUCTION  -  THE  TCC  PROGRAM 

The  TCC  (transient  combustion  chamber)  pregram  calculates  contaminant 
production  by  digital  integration  of  the  time -dependent  engine  processes, 
i.  e.  ,  propellant  flow,  atomization,  and  combustion  of  the  injected  droplets. 
The  calculated  two-dimensional  trajectories  for  the  burning  droplets 
determine  how  much  propellant  is  deposited  on  the  wall,  and  how  much 


Preceding  page  blank 


35 


passes  through  the  throat  unburned.  The  trajectories  for  the  ejected 
unburned  droplets  are  calculated  up  to  the  throat  by  the  TCC  subprogram, 
and  in  the  nozzle  and  plume  by  the  MULTRAN  subprogram.  The  unburned 
propellant  which  is  deposited  on  the  combustion  chamber  wall  is  subjected 
to  burnoff  and  axial  flow  from  the  action  of  the  hot,  fast-moving  chamber 
gases.  The  amount  of  this  wall  film  material  which  survives  and  passes 
through  the  throat  is  calculated  by  the  TCC  subprogram.  Experimental 
firings  of  small  pulsing  engines  show  that  much  of  this  material  accumulates 
on  the  nozzle  lip  during  each  firing,  and  is  blown  off  during  the  succeeding 
start  transient.  The  droplet  size,  initial  direction  of  flight,  and  subsequent 
trajectory  of  this  material  may  be  defined  statistically  from  experimental 
firings,  but  is  outside  of  the  present  scope  of  the  CONTAM  program.’ 

a.  TCC  Input —  Sample  Case  (R-6C  Engine) 

Input  data  for  the  TCC  program  is  broken  down  into  several  large 
blocks  of  related  data.  The  block  headings  are:  Chamber  description, 
operating  conditions,  valve  timing,  ignition  description,  fuel  feed  system, 
oxidizer  feed  system,  atomization  parameters,  fuel  properties,  oxidizer 
properties,  combustion  gas  properties,  contaminant  properties,  general 
instructions,  flow  rate  overrides,  and  a  thrust  coefficient  table.  Obviously 
the  values  typifying  each  propellant  constituent  remain  fixed  for  that 
constituent;  consequently,  the  sub-decks  of  data  for  any  given  material  such 
as  UDMH  or  MMH  or  NTO  can  be  retained  for  reuse  whenever  that  particular 
propellant  is  to  be  used.  In  a  similar  way,  the  combustion  gas  properties 
remain  constant  for  each  particular  propellant  combination,  such  as  WFNA 
and  UDMH  or  LOX  and  RP-1.  Again  these  sub-decks  may  be  retained  and 
reused  whenever  that  particular  propellant  combination  is  called  for. 

Having  sub-decks  on  hand  for  the  common  propellants  and  propellant 
combinations  greatly  facilitates  loading  the  input  for  the  TCC  subprogram. 

The  engine  hardware  is  described  in  the  chamber  description,  fuel  feed 
system,  and  oxidizer  feed  system  sub-decks.  When  sub  -decks  are  created 
for  particular  engines  they  may  be  incorporated  into  the  input  data  with 
only  such  modifications  as  are  required  for  feed  system  variables;  i.  e.  , 
line  lengths  and  diameters,  restrictor  areas,  etc.  Again,  retaining  such 
data  sub-decks  for  reuse  greatly  facilitates  the  loading  of  the  program  input. 

(1)  Origin  of  Engine  and  Propellant  Data 

The  known  physical  properties  of  nitrogen  tetroxide  and  monomethyl- 
hydrazine  were  taken  from  the  Battelle  "Liquid  Propellant  Handbook"  (7) 
and  the  Aerojet  publication  "Performance  and  Properties  of  Liquid 
Propellants"  (8).  The  burning-rate  coefficient  for  monomethyl  hydrazine 
was  estimated  to  be  halfway  between  the  experimental  values  given  for 
hydrazine  and  UDMH  by  Dykema  and  Greene  (9).  The  burning-rate 
coefficient  for  NTO  was  calculated  using  Godsaves'  equation.  The  equilibrium 
combustion  gas  properties  of  chamber  temperature,  mean  molecular  weight, 
gamma,  and  vacuum  thrust  coefficient  for  an  expansion  area  ratio  of  40  were 
calculated,  using  the  MDAC  thermochemistry  program  H099  and  the 
JANNAF  (10)  values  for  heats  of  formation.  The  chamber  dimensions, 
injector  parameters,  and  valve  ramp  durations  come  from  the  manufacturer, 
while  the  feed  system  values  were  supplied  by  NASA  Lewis  Research  Center. 
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The  ignition  parameters,  activation  energy,  and  frequency  factor  multiplied 
by  heat  of  reaction  are  the  experimental  values  measured  for  NTO  and  UDMH 
by  Seamans,  Vanpee,  and  Agosta  (11).  The  fuel  and  oxidizer  fan  lengths 
are  unknown  and  were  set  equal  to  zero.  These  values  could  be  inferred  by 
operating  the  engine  at  low  tank  pressures  to  obtain  the  chugging  frequency 
and  amplitude.  The  flash  cone  angle  was  taken  from  photographs  of  flashing 
streams  in  the  thesis  of  Brown.  The  drop  size  distribution  is  from  NACA 
TN  4222.  The  decomposition  temperature  for  the  MMH  nitrate  was  taken 
from  the  paper  of  Perlee,  Christos,  Miron,  and  James  (12).  The  values  used 
for  the  density,  vapor  specific  heat,  latent  heat  and  viscosity  of  the  MMH 
nitrate  and  its  solutions,  and  the  accommodation  coefficients  for  MMH  and 
NTO  are  estimated  values  since  no  experimental  values  have  ever  been 
published.  At  the  time  that  the  first  calculations  were  performed  for  the 
Marquardt  R-6C  engine,  the  calculated  combustion  efficiencies  and  calculated 
steady  state  chamber  pressure  were  considerably  lower  than  the  experimental 
values.  We  felt  that  this  might  indicate  that  the  correlations  we  were  using 
for  initial  droplet  diameter  were  in  error  when  applied  to  the  very  small 
injector  orifices  of  the  Marquardt  engine.  In  order  to  achieve  agreement 
with  experiment,  we  arbitrarily  reduced  the  computational  droplet  diameter 
by  a  factor  of  two.  This  was  done  by  entering  one  half  the  actual  injector 
hole  diameters  in  the  input  data.  The  actual  fuel  and  oxidizer  hole  diameters 
are  0.  01  58  and  0.  01  86  inches,  while  0.  0079  and  0.  0093  are  the  values  used 
in  the  input  data.  Since  this  time,  Rocketdyne  has  published  droplet  sizes 
obtained  from  small  orifices  (13).  Below  a  threshold  value  for  Reynolds 
number,  laminar  flow  is  obtained  in  long  injector  orifices,  and  the  droplet 
sizes  produced  are  about  one-half  the  size  predicted  by  the  usual  correlations 
for  jets  in  turbulent  flow.  The  orifices  of  the  R-6C  engine  opeiate  very 
close  to  the  threshold  value  for  Reynolds  number  quoted  by  Rocketdyne, 
therefore  it  is  quite  likely  that  they  are  in  laminar  flow  and  are  actually 
producing  droplets  similar  in  size  to  those  calculated  using  our  biased 
orifice  diameters. 

(2)  Input  Data  for  TCC  Subprogram  (Marquardt  R-6C  Engine) 

Input  data  for  the  Marquardt  R-6C  Engine  are  listed  in  Table  II, 
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Table  II.  INPUT  DATA  FOR  MARQUARDT  R-6C  ENGINE  TCC 


Item 
Numbe  r 

Variable 

Value 

Comments  /  Source 

1 

Chamber  length 

1.07  in. 

Manufacturer 

2 

Injector  end  area  (A) 

0.  1368  in.  2 

Manufacturer 

3 

Linear  taper  of 
chamber  (B) 

0.  1427  in.  2/in. 

Chamber  area  fitted  by 
a  parabola:  Area 
=  A  +  BX  +  CX2 

4 

Parabolic  taper  of 
chamber  (C) 

-0.  2268  in.  2/in.  2 

5 

Throat  area 

0.  0298  in.2 

Manufacturer 

9 

External  pressure 

1  x  1 0  b  psia 

Estimated  vacuum 
environment 

1  0 

Chamber  wall 
temperature 

294  °K 

Approximately  room 
temperature 

1  3 

Fuel  tank  pressure 

1  80  psia 

NASA  Lewis 

14 

Fuel  Tank 
temperature 

2  94°K 

Approximately  room 
temperature 

1  5 

Fuel  injector 
temperature 

294  °K 

Approximately  room 
temperature 

18 

Fuel  valve  opening 
ramp  duration 

0.  001  sec 

Manufacturer 

20 

Fuel  valve  closing 
ramp  duration 

0.  001  sec 

Manufacturer 

21 

Oxidizer  tank 
pressure 

1  65  psia 

NASA  Lewis 

22 

Oxidizer  tank 
tempe  rature 

2  94  °K 

Approximately  room 
temperature 

23 

Oxidizer  injector 
tempe  rature 

2  94  °I< 

Approximately  room 
temperature 

26 

Oxidizer  valve 
opening  ramp 
duration 

0. 001  sec 

Manufacturer 
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Table  II.  INPUT  DATA  FOR  MARQUARDT  R-6C  ENGINE  TCC 


(Continued) 


Item 

Number 

Variable 

Value 

Comments  /Source 

28 

Oxidizer  valve 
closing  ramp 
duration 

0.  001  sec 

Manufacturer 

29 

Fuel  valve 
opening  time 

0.  0  sec 

Time  of  first  motion 
opening 

30 

Oxidizer  valve 
opening  time 

0.  0  sec 

Time  of  first  motion 
opening 

31 

Fuel  valve 
closing  time 

0.  050  sec 

Time  of  first  motion 
closing 

32 

Oxidizer  valve 
closing  time 

0. 050  sec 

Time  of  first  motion 
closing 

33 

Assigned  ignition 
delay 

0.  0  sec 

Not  used  when  chemical 
kinetic  values  are 
specified 

34 

Igniter  port 
location 

0.  0  in.  from 
injector 

No  ignite  r  used 

35 

gniter  fuel  flow 
rate 

0.0  lb  /sec 

No  igniter  used 

36 

Igniter  oxidizer 
flow  rate 

0.  0  lb/sec 

No  igniter  used 

37 

Activation  energy 

5200  cal  /mole 

Seamans,  Vanpee,  and 
Agosta 

38 

Frequency  factor  x 
heat  of  reaction 

1  4 

3.  4  x  10 
(cc/mole  sec) 
x  (cal  /mole) 

Seamans,  Vanpee,  and 
Agosta 

39 

Perfect  mixing  flag 

0.  0 

Use  normal  ignition 
calculations 

40 

No  axial  mixing 
flag 

0.  0 

Use  normal  ignition 
calculations 

41 

Fuel  line  length 

480  in. 

NASA  Lewis  Research 
Cente  r 
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(Continued) 


Item 

Number 

Va  riable 

Value 

42 

Fuel  line  area 

0.  0281  in.  2 

43 

Fuel  restrictor 

area 

0.  00454  in.  ‘ 

44 

Fuel  venturi  area 

0.  0281  in.  2 

45 

Fuel  valve  port 
area 

0.  0281  in.  2 

46 

Fuel  injection  area 

0.  0001 96  in 

49 

Fuel  hole  diameter 

0.  0079  in. 

50 

Fuel  hole  length 

0.  0625  in. 

51 

Axial  location  of 
fuel  hole 

0.  0  in. 

52 

Radial  location  of 
fuel  hole 

0. 045  in. 

53 

Fuel  injection  angle 

-45  deg 

57 

Fuel  initial  void 
volume 

0.  001 1 3  in. 

59 

Fuel  transition 
volume 

0.  0  in.  ^ 

60 

Fuel  dribble 
volume 

0.  001 1 3  in. 

61 

Fuel  check 
valve  flag 

0.  0 

65 


Oxidizer  line 
length 


480  in 


J. 


R  -60  ENGINE  TCC 


\ 


Comments /Source 

NASA  Lewis  Research 
Center 

NASA  Lewis  Research 
Center 

No  venturi,  use  line 
area 

No  valve  restriction 
when  open 

Manufacturer 

One  haif  true  diameter 
of  0.  0158  in.  to  bias 
droplet  size 

Estimated  from  engine 
drawing 

Approximately  flush  with 
injector  face 

Estimated  from  engine 
drawing 

Manufacturer 

Set  equal  to  dribble 
volume  for  initially 
empty  condition 

No  hot  fuel  in  injector 

Manufacturer 

Reverse  flow  in  feed 
system  is  possible 

NASA  Lewis  Research 
Center 


Table  II.  INPUT  DATA  FOR  MARQUARDT  R-6C  ENGINE  TCC 

(Continued) 


Item 
Numbe  r 

Variable 

Value 

Comments  /Source 

66 

Oxidizer  line  area 

0.  0281  in.  2 

NASA  Lewis  Research 
Cento  r 

67 

Oxidizer  restrictor 

area 

0.  00636  in.  2 

NASA  Lewis  Research 
Cente  r 

68 

Oxidizer  venturi 
area 

0.  0281  in.  2 

No  venturi,  use  line 
area 

69 

Oxidizer  valve 
port  area 

0.  0281  in.  2 

No  valve  restriction 
when  open 

70 

Oxidizer  injection 
area 

0.  000272  in.  2 

Manufacturer 

73 

Oxidizer  hole 
diameter 

0.  0093  in. 

One -half  true  diameter 
of  0.  01  86  in.  to  bias 
droplet  size 

74 

Oxidizer  hole  length 

0.  0625  in. 

Estimated  from  engine 
drawing 

75 

Axial  location  of 
oxidizer  hole 

0.  0  in. 

Approximately  flush 
with  injector  face 

76 

Radial  location 
of  oxidizer  hole 

-0.  045  in. 

Estimated  from  engine 
drawing 

77 

Oxidizer  injection 
angle 

45  deg 

Manufacturer 

81 

Oxidizer  initial 
void  volume 

0.  000580  in.  3 

Set  equal  to  dribble 
volume  for  initially 
empty  condition 

83 

Oxidizer  transition 
volume 

0.  0  in.  3 

No  hot  oxidizer  in 
injector 

84 

Oxidizer  dribble 
volume 

0.  000580  in.  3 

Manufac  ture  r 

85 

Oxidizer  check 
valve  flag 

0.  0 

Reverse  flow  in  oxidizer 
feed  system  is  possible 

89 

Fuel  fan  length 

0.  0  in. 

Strawman  value,  no 
data  available 
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Table  II.  INPUT  DATA  FOR  MARQUARDT  R-6C  ENGINE  TCC 

(Continued) 


Item 
Numbe  r 

Variable 

Value 

Comments  /  Source 

90 

Oxidizer  fan  length 

0.  0  in. 

Strawman  value,  no 
data  available 

91 

Single  stream  break¬ 
up  distance  given  in 
stream  diameters 

10 

Estimated  from  photo¬ 
graphs  of  single-stream 
breakup.  See  NACA 
TN3835 

93 

Hold  at  triple 
point  flag 

0.  0 

Assume  flashing 
propellant  equilibrates 
with  chamber  pressure 
even  though  freezing 
occurs 

94 

No  initial  dribble 
flag 

1.0 

The  quill-type  Marquardt 
injector  is  not  likely  to 
dribble  during  start 
before  the  dribble 
volume  fills  completely 

95 

Flash  cone  angle 

30  deg 

Apex  angle  of  flashing 
liquid  spray  taken  from 
photographs  of  R.  Brown 

97-101 

Drop  size  distri¬ 
bution  table 

0.  198,  0.  759, 
1.0,  1.23, 

2.  3045 

Taken  from  experimental 
values  of  NACA  TN  4222 

102 

No  wall  breakup 
flag 

0.  0 

Droplets  and  streams 
are  assumed  to  atomize 
on  wall  impact 

103 

Drop  rebound 
velocity  ratio 

1 .  0 

Droplets  which  bounce 
off  wall  are  assumed 
perfectly  elastic 

104 

Fraction  sticking 

0.  5 

One-half  the  droplets 
impacting  with  the  wall 
are  assumed  to  bounce 
and  the  remainder  stick. 
This  is  a  "straw  man" 
value.  No  data 
available 
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Table  II.  INPUT  DATA  FOR  MARQUARDT  R-6C  ENGINE  TCC 

(Continued) 


Item 

Number 

Variable 

Value 

Comments  /  Source 

105 

No  fuel  flash  flag 

0.  0 

The  fuel  stream  is 
permitted  to  flash  atom¬ 
ize  when  the  correlations 
indicate  that  it  should 

106 

No  oxidizer  flash 
flag 

0.  0 

The  oxidizer  stream  is 
permitted  to  flash  atom¬ 
ize  when  the  correlations 
indicate  that  it  should 

107 

No  wall  flow  flag 

0.  0 

The  material  on  the  wall 
is  allowed  to  flow  as  the 
calculations  say  it  should 

108 

No  wall  burnoff 
flag 

0.  0 

The  material  on  the  wall 
is  allowed  to  burn  off  as 
the  calculations  say 
it  should 

109 

Fuel  normal  boiling 
point 

360  °K 

Aerojet  compilation 

110 

Fuel  freezing  point 

222  °K 

Aerojet  compilation 

111 

Fuel  critical 
temperature 

594°K 

Aerojet  compilation 

112 

Fuel  critical 
pressure 

1 1  95  psia 

Aerojet  compilation 

113 

Fuel  vapor  specific 
heat  at  film  temp¬ 
erature 

0. 995  cal/ 
gram  °K 

Value  for  propylene 
specific  heat  at  1500°K 
extrapolated  from  NBS 
C46l.  Structure  similar 
to  MMH.  No  data  for 
MMH 

114 

Fuel  liquid  specific 
heat  at  300 °K 

0.  69  cal/ 
gram  °K 

Aerojet  compilation 

116 

Fuel  vapor 
molecular  weight 

46.  074  grams/ 
gram  mole 

Aerojet  compilation 
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Table  II.  INPUT  DATA  FOR  MARQUARDT  R-6C  ENGINE  TCC  1 

(Continued) 


Item 
Numbe  r 

Variable 

Value 

Comments  /  Source 

j 

117 

Fuel  latent  heat 
of  vaporization 
(at  normal  boiling 
point) 

210  cal / gram 

Aerojet  compilation 

| 

j 

1  18 

Fuel  latent  heat 
of  fusion 

67.  5  cal/gram 

Battelle  handbook 

i 

119 

Fuel  liquid  thermal 
conductivity 

0.  000545  cal/ 
cm  °K 

Aerojet  compilation 

ii 

120 

Fuel  accommodation 
coefficient 

1.0 

Strawman  value,  no 
data  available 

* 

121 

Reference  tempera¬ 
ture  for  fuel 
properties 

300  °K 

Experimental  values 
available  at  this 
tempe  rature 

122 

Fuel  density  at 
reference  tempera¬ 
ture 

0.  88  gram/cc 

Aerojet  compilation 

i 

i 

j 

123 

Fuel  viscosity  at 
reference  tempera¬ 
ture 

0.  0104  poise 

Aerojet  compilation 

ij 

124 

Fuel  surface  tension 
at  reference 
temperature 

47  dynes/cm 

Battelle  handbook 

- 1 

i 

125 

Fuel  burning  rate 
coefficient 

0.  0325  cm^  / sec 

Dykema  and  Greene 

* 

/; 

126 

Fuel  monopropell¬ 
ant  intercept  (A) 

0.  0  cm/ sec 

Strand  burning  tests 
fitted  r  =  A  +  B  P£  with 
r  in  cm/ sec;Pc  in  psia 

L 

127 

Fuel  monopropell¬ 
ant  coefficient  (B) 

0.  0  cm/sec  psin 

MMH  does  not  burn  in 
liquid  strand  tests 

1 

128 

Fuel  monopropell¬ 
ant  exponent  (n) 

0.  0 

1 

129 

Oxidizer  normal 
boiling  point 

2  94  °K 

Aerojet  compilation 

? 
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Table  II.  INPUT  DATA  FOR  MARQUARDT  R-6C  ENGINE  TCC 

(Continued) 


Item 

Number 

Variable 

Value 

Comments  /  Source 

130 

Oxidizer  freezing 
point 

262  °K 

Aerojet  compilation 

131 

Oxidizer  critical 
tempe  ratur  e 

431  °K 

Aerojet  compilation 

132 

Oxidizer  critical 
pressure 

1 , 470  psia 

Aerojet  compilation 

133 

Oxidizer  vapor 
specific  heat  at 
film  temperature 

0.  298  cal/ gram 
°K 

JANNAF  tables  for 

no2 

134 

Oxidizer  liquid 
specific  heat 
at  300 °K 

0.  36  cal / gram 
°K 

Aerojet  compilation 

1  36 

Oxidizer  vapor 
molecular  weight 

46.  008  gram / 
gram-mole 

Vapor  mostly  NO^  at 
high  temperature  or 
low  pressure 

137 

Oxidizer  latent 
heat  of  vaporiza¬ 
tion  (at  normal 
boiling  point) 

99.  0  cal/ gram 

Aerojet  compilation 

138 

Oxidizer  latent 
heat  of  fusion 

39.2  cal/ gram 

Battelle  handbook 

139 

Oxidizer  liquid 
thermal  conductivity 

0.  000306  cal / 
cm  °K 

Aerojet  compilation 

140 

Oxidizer  accommo¬ 
dation  coefficient 

1 .  0 

Strawman  value,  no 
data  available 

141 

Reference  tempera¬ 
ture  for  oxidizer 
properties 

300  °I< 

Experimental  values 
availal  le  at  this 
temperature 

142 

Oxidizer  density  at 
reference  tempera¬ 
ture 

1 . 45  gram/cc 

Aerojet  compilation 

143 

Oxidizer  viscosity 

0.  00446  poi se 

Aerojet  compilation 
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Table  II.  INPUT  DATA  FOR  MARQUARDT  R-6C  ENGINE  TCC 


(Continued) 

Item 
Numbc  r 

Variable 

Val  ue 

Comments  /  Source 

144 

Oxidizer  surface 
te  nsi  on 

28  dyne  /cm 

Battelle  handbook 

145 

Oxidizer  burning 
rate  coefficient 

2 

0.027  cm  /sec 

Calculated  from 

Godsaves  equation 

146 

Oxidizer  mono- 
prope  1  lant 
intercept  (A) 

0.  0  cm/sec 

Strand  burning  rate 
fitted  to:  r  =  A  +  B  p£ 
with  r  in  cm/sec  and 

Pc  in  psia 

147 

Oxidizer  mono¬ 
propellant 
coefficient  (B) 

0.  0  cm/ sec  psia 

NTO  does  not  burn  in 
liquid  strand  tests 

1  4S 

Oxidizer  mono¬ 
propellant 
expone.nt  (n) 

0.  0 

NTO  does  not  burn  in 
liquid  strand  tests 

1  4  Q  -  1  5  D 

Equilibrium  com¬ 
bustion  gas 
tempo  rature  at 
fue  1  fractions  0.  0, 

0.  1  .  0.  2.  ...  1.0 

300,  2,  1  03, 

3,  084,  3,  397, 

3,  061  ,  2,  368, 
1,705,  1,433, 
1,344.  1,266, 
1,190,  in  °K 

From  standard  equili¬ 
brium  thermochemistry 
calculations 

161 -171 

Equilibrium  com¬ 
bustion  gas  mean 
molecular  weight  at 
fuel  fractions  0.  0, 

0.  1  .  0.2,  ...  1.0 

46.  008,  28.  79, 

26.  41  ,  23.  39, 
19.88,  16.75, 
14.41,  13.91, 

14.  00,  14.10, 

14.  29 

From  standard  equili¬ 
brium  thermochemistry 
calculations 

173-185 

Equilibrium  combus¬ 
tion  gas  gamma  at 
fuel  fractions  0.  0, 

0.  1  .  0.2.  ...  1.0 

1.120,  1  .  252, 

1  .  220,  1.21  7, 
1.235,  1.268, 
1.309,  1.299, 
1.270,  1.247, 

1  .  228 

From  standard  equili¬ 
brium  thermochemistry 
calculations 

185 

Contami  nant 
mixture  density 

1  gram/cc 

Strawman  value,  no 
experimental  data 

1  86 

Contaminant  vapor 
specific  heat 

1  cal/gram  °K 

Strawman  value,  no 
experimental  data 

Item 

Number  Variable  Value 


187  Contaminant  latent  100  cal/gram 

heat  of  vaporization 

188  Contaminant  decom-  500  °K 

position  temperature 

189-199  Contaminant  mixture  0.00446,  0.024 
viscosity  at  fuel  0.  043,  0.  068, 

fractions  0.0,  0.081,  0.100, 

0.  1 ,  0.  2  -  1  .  0  0.  082,  0.  064, 

0.  046,  0.  029, 

0.  01  04  poise 

201  Model  time  at  0.  060  sec 

which  computations 

are  finished 

202  Integrating  time  0.  0001  sec 

interval 

203  Print  one  out  of  10 


204  Plot  one  out  of  30 


205  Delete  graphics  flag  0.  0 

206  Delete  droplet  0.  0 

means  flag 

0.  0 


207 


Delete  summaries 


IDT  R-6C  ENGINE  TCC 


C  omm  o  n  t  s  /  Sou  r  c  c 

Slrawman  value,  no 
experimental  data 

Perlee,  Christos, 

Miron,  and  James 

Experimental  values  for 
pure  fuel  and  pure 
oxidizer.  Strawman 
values  for  MMH 
nitrate  mixtures 

50  milliscc  for  pulse 
and  10  milliscc  to  drain 
oxidizer  dribble  volume 

Chosen  from  experience 
running  the  program 

A  propellant  disposition 
summary  is  printed  for 
every  tenth  lime  interval 

A  wall-film  thickness 
profile  is  plotted  for 
every  thirtieth  time 
i nte  rval 

The  computer  graphics 
will  be  produced 

The  D3Q,  D31  and  D32 
will  be  calculated  for  the 
chamber  droplet  popula¬ 
tion  at  each  time  interval 

The  summaries  will  be 
printed  for  the  intervals: 
preignition,  start  tran¬ 
sient,  steady-stale, 
and  tailoff 


Table  II.  INPUT  DATA.  FOR  MARQUARDT  R-6C  ENGINE  TCC 

(Continued) 

Item 

Number  Variable  Value  Comments /Source 


208  Data  review  only  0.  0 

flag 


20°  Fuel  trajectory  3.0 

group 

210  Oxidizer  trajectory  0.0 

g  roup 


211  Trajectory  start  0,006/sec 

time 


212  Steady-state  time  0.0125 


213  Fuel  flow- rate  0.0  lb /sec 

ove  r  ride 


The  program  will  com¬ 
pute  the  chamber  pro¬ 
cesses  instead  of 
stopping  after  printing 
out  the  input  data  set  for 
examination 

A  trajectory  will  be 
plotted  for  the  third  fuel 
size  group 

Only  one  droplet  can  be 
plotted  per  run.  Either 
fuel  or  oxygen  depending 
upon  whether  209  or  210 
is  given  a  non-zero  value 
(1.  2,  3,  4  or  5) 

The  fuel  droplet  tra¬ 
jectory  will  be  plotted 
for  the  fuel  droplet 
injected  when  the  model 
time  is  6  milliseconds 

The  interval  summary  of 
item  number  207  will  be 
written  assuming  that 
steady-state  conditions 
are  attained  12.  5  millisec 
after  start.  This  is  based 
upon  previous  experience 
with  this  motor 

If  the  restrictor  or  valve 
port  area  are  not  known, 
but  experimental  flow 
rate  vs.  Ap  curves  are 
available,  the  line  resis¬ 
tances  are  calculated 
from  a  consistent  set  of 
values  for  flow  rate,  Ap 
and  injector  orifice  dis¬ 
charge  coefficient,  A  non¬ 
zero  value  for  discharge 
coefficient  signals  the 
program  that  this  sig¬ 
nal  is  being  used 


48 


Table  II.  INPUT  DATA  FOR  MARQUARDT  R-6C  ENGINE  TCC 

(Continued) 


Item 

Number  Variable  Value  Comments /Source 


9' 


214  Fuel  pressure  0.  0  psi 

override  drop 


This  option  is  not 
being  used 


215  Fuel  discharge  0.0 

coefficient 


This  signals  the  • 
program  that  this 
option  is  not  being 
used 


216  No  injector  1.0 

friction  flag 


217 

Oxidizer  flow 
rate  override 

0.  0  lb/sec 

218 

Oxidizer  pressure 
override  drop 

0.  0  psi 

No  frictional  pressure 
drop  through  the 
injector  ports  will  be 
calculated  because  the 
correlation  is  for 
turbulent  flow  and  these: 
ports  are  in  laminar 
flow.  Set  this  flag  0.  0 
for  large  holes,  1.0  for 
small  holes.  If 
undecided,  use  1  .  0 

Oxidizer  flow  override 
not  being  used 

Oxidizer  flow  override 
not  being  used 


219  Oxidizer  discharge  0.0 
coefficient 


This  signals  program 
that  oxidizer  flow  over¬ 
ride  is  not  being  used 


221  -231  Vacuum  thrust  1.9240, 

coefficients  for  1.9082, 

the  correct  nozzle  1,8470, 

expansion  area  ratio  1,8680, 

of  the  motor,  and  1  ,  9294, 

fuel  fractions  of  1.8959 

0.  0,  0.  1  ,  0.  2,  . . . 

1 . 0 


1.  8028,  These  values  were 

1.9617,  obtained  from  thermo- 

1.8122,  chemical  calculations 

1,9331,  assuming  equilibrium 

1.9224,  expansion.  Values  could 

be  used  from  kinetics 
calculations  or  from 
steady -state  experiments 
if  they  were  available 


2  32  Nozzle  expansion  40 
area  ratio 


233  Second -pulse,  0.0  sec 

t'ue  1  -valve 
opening  time 


234  Second -pulse,  0.0  sec 

oxidize  r -valve 
opening  time 


235  Second -pul so ,  0.0  sec 

fuel  valve 
closing  time 


2  36  Second -pul  se , 
oxidize  r -va lve 
closing  time 


237-264  Valve  timing  for 
3rd,  4th, 

5th,  6th, 

7th,  Sth, 
and  Oth 
pul  se  s 


0.  0  sec 


R-6C  ENGINE  TCC 


Comments  /Source 


Manufacturer 


No  second-pulse 
calculations 


No  second-pulse 
calculations 


No  second-pulse 
calculations 


No  second-pulse 
calculations 


b.  TCC  Output-Sample  Case  (R-oC  I'.ngiiie) 


The  computer  output  is  in  the  form  of  printout  and  computer 
graphics  done  on  a  Stromberg  SD-4060  microfilm  recorder  operating  in  a 
SD-4020  emulation  mode.  Many  of  the  ouLput  values  are  presented  both  in 
the  form  of  printout  and  in  the  form  of  plots  of  variables  versus  time.  It  is 
generally  easier  to  use  the  plots  to  follow  the  course  of  events  in  the 
chamber,  but  is  is  easier  to  use  the  printout  to  obtain  exact  numerical 
values,  exact  timing  relationships,  etc. 

The  computer  printout  includes  a  recapitulation  of  the  input  values 
and  the  derived  fuel  and  oxidizer  properties  versus  temperature,  followed  by 
the  values  of  the  major-system  variables  computed  at  each  computing  time- 
interval.  At  each  tenth-time  interval,  there  is  a  summary  print  which  gives 
the  disposition  of  the  total  mass  of  each  propellant  constituent  injected  up  till 
that  time,  i.  e.  ,  how  much  lias  been  ejected  in  the  gas  phase,  as  droplets,  or 
as  wall  film  and  how  much  is  being  retained  as  gas,  as  droplets,  or  as  wall 
film.  Summary  prints  are  also  produced  for  the  four  major  intervals  of 
engine  operation,  i.  e.  ,  the  preignition  interval,  the  start  transient,  the 
steady-state  portion,  and  the  tailoff  including  the  post-firing  dribble.  These 
interval  summaries  also  give  mean  values  for  ejected  droplet  diameter  and 
axial  velocity. 

A  more  detailed  summary  is  given  at  the  end  of  the  computation 
period,  including  mean  values  for  the  entire  pulse.  In  the  final  summary, 
entire  pulse  values  are  also  given  for  mixture  ratio,  C-Star,  and  specific 
impulse  for  three  possible  mass  bases:  propellant  mass  out  of  the  tank,  pro¬ 
pellant  mass  through  the  injector,  and  propellant  mass  through  the  nozzle. 
The  final  summary  also  gives  the  propellant  droplet  size  distribution  for 
injected  and  ejected  fuel  and  oxidizer. 

(1)  Computer  Printout 

The  sequence  of  events  in  the  chamber  can  be  followed  from  the 
printout  shown  in  Table  III.  The  first  action  which  can  be  detected  in  the 
time-interval  printout  is  the  increase  in  flow  rales  for  the  fuel  and  oxidizer 
after  the  valves  start  to  open  at  time  -  0.  As  time  progresses,  the  fuel  and 
oxidizer  void  volumes  decrease  (i.  e.  ,  the  dribble  volumes  fill  up),  but  no 
propellant  is  injected  into  the  chamber  until  the  fuel  dribble  volume  fills 
completely  at  time  =  4.2  milliseconds.  The  first  portion  of  injected  fuel 
flashes,  pressurizing  the  combustion  chamber  to  0.21  psia  and  producing 
some  flash-atomized  55-micron  fuel  droplets.  The  oxidizer  dribble  volume- 
fills  in  the  succeeding  time  interval,  flashing  and  increasing  the  chamber 
pressure  to  0.90  psia.  This  is  high  enough  to  prevent  any  further  flashing 
of  the  fuel,  which  now  goes  into  a  single-stream  breakup  mode,  with  a  com¬ 
puted  eventual  drop  size  of  395  microns  (unless  wall  impact  occurs  first). 

The  chamber  temperature  is  quite  low  at  this  time  as  a  result  of  the  low- 
pressure  flashing,  but  slowly  increases  as  the  chamber  pressure  rises. 
Ignition  occurs  at  4.6  ms,  increasing  Lire  chamber  temperature  from  2J0°K 
to  2,803°K  and  decreasing  mean  molecular  weight  from  46  to  27.  The  first 
fuel  droplets  impact  upon  the  wall  at  4.  4  ms.  While  the  first  oxidizer 
deposit  arrives  at  4.6  ms,  the  first  ejec  tion  of  unburned  fuel  and  oxidizer 
droplets  occurs  at  4.8  amd  4.9  ms.  While  the  first  expulsion  of  fuel  and 
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oxidizer  derived  wall  film  does  not  occur  until  6.  5  ms,  the  last  wall-film  to 
be  ejected  during  the  firing  leaves  at  1 6 .  7  ms.,  (however,  much  later,  dur¬ 
ing  the  dribble  period,  oxidizer  wall  film  begins  to  be  ejected  again  at 
57.  2  ms.  )  The  chamber  walls  dry  up  con.,  etely  at  34  ms.  The  other  values 
for  the  various  mass  accumulations  and  flow  rates  can  be  fallowed  from  the 
time  interval  prints.  The  interval  summary  for  the  entire  ignition  transient 
interval  gives  the  amounts  of  fuel  and  oxidizer  which  have  been  ejected  in 
the  forms  of  unburned  droplets  and  as  wail-film  in  the  interval  4.6  to 
12.4  ms.  Also  given  are  the  mean  droplet  diameters  and  mean  axial 
velocity  for  the  material  ejected  during  this  interval.  Values  from  the 
interval  summaries  can  be  used  to  derive  input  values  for  the  succeeding 
nozzle  and  plume  programs. 

The  final  summary  print  gives  mean  values  for  mixture  ratio, 
C-star,  specific  impulse  and  amounts  of  propellant  flow  for  the  entire  pulse. 
The  mass  of  propellants  out  of  tank  differs  from  the  mass  through  the 
injector  by  the  filling  or  depiction  of  the  dribble  volumes.  The  mass  of  pro¬ 
pellant  through  the  nozzle  differs  from  the  mass  through  the  injector  by  the 
amount  of  accumulation  or  depletion  of  propellant  held  in  the  chamber  in  the 
forms  of  gas,  streams  and  droplets,  or  wall-film.  For  short  pulse-widths, 
the  accumulations  in  the  dribble  volumes  and  in  the  chamber  can  be  an 
appreciable  fraction  of  the  total  flow  from  the  tank,  and  are  important  in 
reducing  the  apparent  C-star  and  specific  impulse,  which  are  usually 
reported  on  a  mass  out-of-tank  basis. 

The  second  page  of  the  final  summary  print  indicates  that  for 
this  pulse.  62  percent  of  injected  propellant  left  the  chamber  as  combus¬ 
tion  gas  or  propellant  vapors,  37  percent  left  as  unburned  droplets,  and 
0.  2  percent  left  as  wall  film.  At  the  60  ms  conclusion  of  these  computations, 
1.8  percent  of  injected  oxidizer  wason  the  motor  wall,  with  no  fuel  being  held 
on  the  wall.  This  is  because  of  the  short  10  ms  dribble  period  which  empties 
the  oxidizer  dribble  volume,  but  barely  starts  to  empty  the  fuel  dribble 
volume.  Only  a  small  amount  of  material  is  ejected  as  wall  film  in  this  run 
because  the  engine  started  with  clean  walls,  and  because  the  pulse  width  was 
long  enough  to  burn  the  walls  clean  again  before  cutoff.  A  subsequent  start 
of  this  engine,  with  much  of  the  material  from  the  first  pulse  dribble  still  on 
the  walls,  would  eject  a  larger  amount  of  wall  film.  Pulse  widths  shorter 
than  about  30  ms  will  not  burn  the  walls  clean  before  cutoff.  Thus,  the 
material  will  build  up  continuously  over  a  series  of  pulses  to  form  a  thick 
film,  which  flows  faster  and  leads  to  more  wall  film  ejection. 

The  mean  diameter,  mean  axial  velocity,  and  droplet  size 
distribution  of  ejected  droplets  are  given  as  input  to  the  nozzle  and  plume 
programs.  In  this  case,  the  ejected  fuel  droplets  have  a  D32  of  122  microns 
and  an  axial  velocity  of  270  ft/ sec.  The  drop  size  distribution  still  shows 
major  influence  from  the  5-size  group  approximation,  but  can  show  some 
real  changes  from  flash  atomization  and  preferential  chamber  burnoff  of 
small  droplets . 
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Table  Ill.  'ICC  Cl'  TIM  T 


REFERENCE  RUN  NO ,  u  CASE  1 

- TUP  INPUT  rrm  f-g  *H|r  r»st  A»te  at  rTtT’vy^~  “ — 

ifcc^D[PT|y 

CHAHSER  LENGTH  INJECTOR  apEa  LINE*-  T»p;p  pa-aapulIC  T*PE= 

1 , 07 3 DOC  ,176*0''  .  1  *> 2  7  jh  -:2?6P0fs 


THROAT  AREA 

, j 2 v a o o  o , 0" (jo o ^  o , 0*000*  n  o"0"or 


JpER*TI*.(i  C0\-1 1  T  1  r  Nc; 


- t*+g»itT>t" Mgssutt- 

.oonooi 

-ftJH— T*NK  PRf  99 
180,000000 

■■|Htt""TgPPtRiTUHP 

294,0"0n00 

Fcgt  tank  t*«» 
294  I O"00O0 

0  »  3  "  C  a  G  f 

JNjfcCTO^  Tp^P 

294  f Dnonoo 

01  0P000P 

OlOPOOOO 

- WUJZZ — "*l»?  U  r  k  "V  J  ' — 

Puff 

-Vt-LVE-CROS^OT - 

0,000000 

,0^1^00 

o , o^ooon 

i opiroo 

- t)XTD  f*N*  PRESS 

0*10  TANK  TRMP 

I NJECTAR  TRkP 

■ 

1*5,000000 

294  ,  U^0^0n 

294 , 0  P  0  K  0  0 

o  oooooo 

oxio 

V 'LVE1  CwC!E  5* - 

0,000000 

.  J  *>  1  n  0 n  0  ,  0  r  0  3  30 

ffRST  B»R»t  VALVE  Tl«|‘ia 

l0"1000 

— 

E UEL  V«LVE  open 

0*!0  VALVE  ORE'. 

fuel  valve  close  o*i*  viLvfc  cl?sf 

""OaOOOQOP 

0  •  o^oooo 

- ,uyyuuu 

n rwj 

I0V1T10'  OESC°  1  PT  ION 

ASSIGNED  0ELAV 

IGNITER  PORT  LOC, 

fuel  flpk  hate 

Ovlr  rLu,  rate 

0,000000 

0 , Oog  OOP 

o .  o  o  o  n  o  o 

o  oftoo(r 

activation  enerqv 

FREQ ,  pact,  V  3 

PEKP^CT  h I  X 1  NO 

NO  AV|AL  hjxing 

5200,000000 

3,4O000PE‘14 

0 , 0O000P 

0,000000 
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Table  III— Continued 


LJNfe  LF^GTW 

l  I N c  APEi 

9EsrpicT-p  ape* 

VF  U jR i  iPE* 

488,890808 

,028100 

,  0  n  4  ^  ^  n 

,02810" 

V»IVE  A  ME i 

IVJECT ION  A® t a 

i  c*tn  oo 

HOLE  DIAMfcTES 

wOlE  LcNG Tw 

axial  LOCATION 

PaTIal  LOCATION 

,89?989 

,u«2*fl" 

0,080808 

: 

injection  angle 

C  ,  0  *  0  n  3  n 

- o  i  otjoft 

o  ■  0  n  0  0  0  n 

I  M  r  T .  VOID  VOLUME 

TRiNSITirN  VOLUME 

DP  1 BolE  volume 

,881139 

0,0"0"u* 

0,088000 

1091138 

ChECK  VALVES 

- 0,  000"999 — 

— o ,  o^ooon 

- 07  0*  0  COO 

*  D  ’010000 

0*101 7£P  EEE J  SVSTEJ 

LINE  LENGTH 

LINE  a°Ea 

PESTRIOTOR  area 

VF  vTjR I  AREA 

4*0,  Ol’UOOC 

,c?aioo 

,  006360 

1028100 

VALVE  a  PE  a 

Injection  apEa 

.020100 

,090272 

0,000000 

0A000008 

“OLE  CIA-ETER 

“Ole  LcN"Th 

AXIAL  LOCATION 

PaTUl  LuCATI0N 

, orvsoc 

,0*2500 

J,  000009 

.,0*5000 

INJECTION  ANGLE 

45,000000 

0,000000 

0,000800 

Oionootn 

I  N I T ,  VOID  VOLUME 

TRANSITION  VOLUME 

DP  IP0LB  VOLUME 

,000580 

o.coonon 

0,000000 

1000580 

CWfiCK  VALVES 

0,000000 

0,3*0000 

0,000000 

O'OOOOOO 

ATOwIZtTIO" 

PAOAXETEPS 

- pu?l  Etn  lpnotw- 

— S *  1 7  tin  LVNGT" 

- $*Cw?**P  *  r  L  FT: 

0,000000 

0,040808 

10,000808 

0,080000 

MOLD  at  T*t*Li  »T 

NO  INIT,  CHTBPLc 

fLASH  cone  ANGLE 

o,  OD'jooo 

1,000000 

30,090008 

0  090000 

- BHC*  STIf  1" 

9**1*  STZF  7 

DROR  3  I  ZH  3 

9ROP  SIZE  4 - 

,  1 9ri  "  0  0 

,759000 

1,000008 

11230009 

ORC*  tl  IF  « 

*;C  WALL  FP=A*UP 

J10E  PESTJTUTION 

FRACTION  ST TORINO 

2 , 30 4f o r 

0 , 0*0000 

1,090000 

■590000 

Table  111— Continued 


BOILING  POINT 

- stovooonoo 

VAPQ*  CP, 


LATENT  H6»T  VaP, 
-MOtMOPOO 

REFERENCE  TEMP, 


Pr'EEZl  ,r.  CO!  .T 
222 , 0  r  3nO  r 

i tour  <■!», 


CPPIrA,  Tc.-a, 
594 , 3'*ionn-i 


LATENT  mEaT  F'lb,  LIC,  TmECm,  '’O.J, 
P?  ,5''0ftL'‘  ,  Of USA5 


P  -  !  T !  ;  •.  u  o-'c^S, 
1 1 '•  5  •  C*0'C- 

-  . ,  ,  „  c  |  r,  u  T 

‘•4-C‘TP'OC-" 

■■cr.'" ,  c-'etp. 

l :  c'OfO* 


DE‘  S ! Tv 


vl'C'SITY  SuBFALC  TE.  sion 


BURN  I N G  Rate  k 
-  ,032908 


'■UNO,  INTERCEPT  -O'.o,  COf-ff  ICIEnT  e’P'NFNT 

o.^popoo  a.ooooop  oio"opo* 

OXlrlTE0  BPoPCMT IcS 


BOILING  point 
294,000009 

FREEZING  POINT 
262,<KOOj" 

cn i t i r al  Tfc-», 

4.31,070900 

CHlTICtL  P5ESS, 
i«7o  i  d^ococ 

vapor  CP, 

,296000 

LIOl'l"  CP. 

,  3  A  0  0  0  0 

o.opoooo 

“'JL.  WEIGHT 
^.oefir-O? 

LATENT  heaT  VAP. 

99,000009 

LATENT  HEAT  F  ib. 

39 ,210009 

U%  tiperm,  rc%u , 

,  o  0  0  o  ft 

a CC  J" ,  C9EPF  , 
1 ,090909 

REFERENCE  temp. 
390,090000 

EE1  SI  Tv 

1 ,  4  «  0  0  00 

v  I  «CCS I T v 
,  o  4  an 

SUBTACr  fgNSIO’A 

?a  0*0000 

TEMP,  1 

-SOtrroeoooB 

TEMP,  5 


TEMP.  9 
-134*-, 888800 

HCL,  NT,  1 


TE“P.  2 
tto3,0"Oeno 

TE“P,  A 


tend,  ir 
1286,090909 

MOL,  NT ,  2 


t£mP,  3 
3084 i OSGOOD 

T£MP,  7 


TEMP,  11 
1190,080900 

MOL,  NT,  3 


E  “P ,  4 

3397 i ooonoo 

TE“P ,  » 


o' oooooo 

MOL1  -T,  4 


GAMMA  1 
1IJ20O00 


GA“Ma  2 
1.2MJPOO 

GAMMA  a 


gamma  3 

l,22onoo 


Gamma  4 

i:2i7mo 

Gamma  r 


gamma  9 

- lTtrooon 


DENSITY 

1,000000 

VISCOSITY  1 
,004460 


VISCOSITY  J 
_ .  081000 

VISCOSITY  9 
,  046000 


GAMmA  m 
1, 247001 


Gamma  n 
1,228000 


contaminant  properties 


VAPOR  CP, 

l , ooooun 

VISCOSITY  2 
,024000 


VISCOSITY  a 
,100009 

VISCOSITY  10 
,029000 


latent  heat 

100,000000 

VISCOSITY  3 
, Q4J000 


VISCOSITY  7 
, 082000 

VISCOSITY  n 
,010400 


DECOMPj  temp, 
590,000000 

VISCOSITY  A 

:oAjoon 


Vise  SI  TV  0 
i 064009 


0  !  090909 
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Table  Ill— Continued 


STOP  Tim  T  I  ve  I  NT FR V A L  “SIM  ONE  JUT  3f  PLAT  ;.E  ,  3r 

,068808  ,81010''  10,000808  lDlO^ono" 

0(ct£T|  GRAPHICS  8£l£ Tc  U=QP  “E»'.S  UELETC  Su'-'-aRIES  3aTa  ofcvi*.  omLv 


FUEL  TRAJ,  GROUP  0*18  TRaj,  -R0LP  TR»J,  STa«T  THE  S  Tf  A’-V.b' * !  E  THE 
5r080808  0,090008  ,018808  1012508 

flow  =atc  overrides 

FUJI  FL0K  Rate  Fuel  pRFSS,  0°5P  DISCHARGE  COEFF,  so  INJ,  r'ICTtON 

0,000000  0  ,  0.10008  0,000008  1  1)90088 

0*10  Flow  Rati  0*10  PRESS,  DROP  OISChaRGE  C"£FF, 

0.000000  0,010908  0,088800  C  080001 

Thrust  COEFFICIENT  table 


CF  TAG  1 
1,924000 


CP  VAC  t 
1,092808 


CF  VAC  3 

1.900209 


C:  VAC  4 
11901709 


1,147000 

CP-VAC-*- 

1,929400 


1,812209 

eF  VAC11 
1,92241)8 


1,880000 


11933100 


CF  VAC  11  E *P i  ARE*  RATIO 
1 ,89590  0  4 o",  080000 


fuel  valve  open 

— 070OOOO8 


fuel  valve  open 

0,000000 


oxio  valve  open  fuel  valve  close 

8 , 690800  0,080000 

TW 1 00  PULSE  THING _ 

oxio  valve  open  fuel  valve  close 
0,0"0000  0,0"0800 

fourth  pulse  thing 


0*18  VALVC  CLOSE 

Ol  00000c 


0*IP  VALVE  close 
01080000 


0,000000 


0,080000  0 
fifth  PULSE  thing 


0,080000 


fuel  valve  open  e* i p  valve  open  fuel  valve  close  o*id  valvi  close 


fuel  valve  open 

0,000000 


- PVttrVALVt  0P8N 

0,000808 


sixth  pulse  thing 

0X18  VALVE  OPEN  FUEL  VALVE  CLOSE 
_ 0,08  0000 _ 0,000000 

seventh  pulse  thing 

extc  valve  open  fuel  valve  close 
0,080808  0,000800 


0* I D  VAIV*  CLOSE 
-  0 0  8  0  0  0  0 


oxjr  VALV0  CLOSE 
OlODOOOO 


Fuel  VALVE  OPEN  0*  1 0  valve  OPEN  FUEL  VALVE  CLOSE  0X|8  VALV^  CLOSE 

8,068880  0.860000  0,060808  oTeOOOOO 

_ ninth  pulse  thing _ 

fuel  valve  open  cxiu  valve  open  fuel  valve  close  ox i c  valv*  close 

0,080000  0,000000  0,000800  0-060000 

Input  units  are  inches,  psia,  seconds  anc  oegrees  kelvin. 

PROPELLANT  properties  are  in  GRA“S/CCi  POISE.  8TNEFCP, 
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Table  111— Continued 


l 


.1  o  ©  o 

□  co 

_J  O  O  o 


—  OOro 

4  0  0  0 

*-  o  o  o 
Ui  O  o  O 
a  o  o  o 
o  O  o 

■o  o  ©  o 
a  O  o  rt 
o  -  -  - 

or  o  d  c* 


o 

UJ  U  Cl  C_> 
/  (J  O  o 
— •  o  o  o 

4  0  0  0 
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(Z)  Computer  Graphics 

Only  13  of  the  6‘1  computer  plots  produced  for  this  run  are 
illustrated  here  for  the  sake  of  brevity.  Plots  for  fuel  behavior  are  produced 
which  are  completely  analogous  to  the  oxidizer  plots  shown  here.  The  oxi¬ 
dizer  plots  have  been  presented  for  this  particular  firing  because  the  entire 
oxidizer  dribble  period  was  included  while  the  longer  fuel  dribble  period  was 
not.  Figure  14  is  the  calculated  chamber  pressure  trace  for  a  30  ms  pulse 
on  the  Marquardt  R-6C  motor,  It  illustrates  the  broad  features  of  the  pulse, 
which  is  smooth,  with  only  modest  overshoot,  but  lias  some  subtle  features 
which  will  be  discussed  later. 


Figure  15  shows  the  oxidizer  valve  trace.  Opening  starts  at 
T  =  0.  0  ms  and  is  full  open  at  1 .  0  ms.  It  starts  to  close  at  50  ms  and  is  full 
closed  at  5 1  ms.  The  fuel  valve  trace  is  identical  to  the  oxidizer.  Figure  16 
shows  the  volume  of  vapor  in  the  oxidizer  dribble  volume.  Flow  starts  at 
T  -  0.  0  ms  accelerates  rapidly  and  the  oxidizer  side  of  the  injector  primes 
at  slightly  after  4  ms.  Dribbling  can  be  seen  to  occur  between  51.8  and 
51.  9  ms  after  the  conclusion  of  the  firing.  The  oxidizer  injection  rate  is 
illustrated  in  Figure  17.  The  injection  rate  of  oxidizer  shows  a  slight  initial 
overshoot,  a  slight  depression  between  T  -  7.  0  and  T  -  30  and  then  a  steady 
value  until  cutoff.  The  dribble  injection  rate  is  illustrated  following  vaive 
closure.  The  fuel  is  much  less  dense  than  the  oxidizer  and  consequently  the 
fuel  flow  rate  increases  much  faster  than  the  oxidizer  flow  rale.  This  results 
in  a  very  large  initial  overshoot  in  the  fuel  flow  rate  and  injection  rate.  For 
this  reason  the  impinged  stream  resultant  angle  is  initially  directed  in  the 
fuel-stream  direction  as  shown  on  Figure  18.  The  angle  of  injection  during 
the  dribble  periods  are  also  illustrated.  Obviously  the  periods  when  the  sire 
stream  is  mal-directed  can  result  in  deposition  of  propellant  on  the  chamber 
wall.  The  next  two  figures  illustrate  this.  Figure  1 '1  illustrates  the  mass  of 
oxidizer  contained  in  the  chamber  in  the  form  of  streams  and  droplets,  while 
Figure  Z0  illustrates  the  mass  uf  oxidizer  deposited  on  the  wall.  The  mass 
of  propellant  deposited  on  the  chamber  walls  from  the  initial  mismatch  of 
stream  momentum  rate  can  be  a  .significant  source  ol  contaminant  production, 
but  is  not  often  considered  in  calculations  on  engine  design  or  operation. 

The  oxidizer  on  the  wall  is  eventually  removed  by  the  flow  of  wall-iilm 
through  the  throat  and  by  burnofi.  The  walls  are  dry  within  3^  ms  alter 
start.  If  the  pulse  width  had  been  appreciably  shorter  than  10  ms,  the  wall 
deposit  could  build  up  continuously  over  a  series  oi  pulses  and  the  flow  ol 
wall-film  would  be  much  larger  under  these  conditions.  The  rate  of  burnoff 
of  fuel  and  oxidi/.er  from  the  wall  is  a  significant  traction  of  the  total  com¬ 
bustion  rate  for  the  first  35  ms  of  the1  run  and  is  the  reason  fur  hi  ghe  r  - 1  ha  n- 
steady- state*  chamber  pressure  before!  15  ms.  (Figure  1-1)  This 
elevated  chamber  pressure*  is  the  reason  tor  the  lower  than  steady  value 
for  oxidizer  flow  rale  seen  on  Figure  17.  TIu*  volume-area  mean  diameter 
(D3Z)  of  the  entire  chamber  population  ol  oxidi/.er  droplets  is  shown  in 
Figure  Zl.  The  effect  t  ‘  flash  atomization  at  the*  start  oi  the  run  is  obvious. 
The  preferential  burning  of  small  drops  immediately  after  .  utolf  is 
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another  prominent  feature.  The  mean  drop  size  in  the  dribble  period  is  more 
rumples,  being  composed  of  a  mixtun  of  small  flash -atomized  droplets  and 
large  single-stream-atomized  droplets.  T  he  bimudal  distribution  of  drops 
produced  during  the  dribble  periods  ran  have  important  eunsequenees  for  the 
ultimate  droplet  t  ra  iei  to  ries  in  the  nozzle  and  plume  for  droplets  which  are 
ejected  at  this  lime.  f  igurc  22  shows  the  mass  flow  rate  for  combustion  gas 
and  unburned  propellant  vapor  leaving  the  motor.  The  chamber  extinguishes 
at  about  52  ms,  so  the  vapor  flow  after  this  time  is  unburned  propellant 
vapors.  Figure  2  3  shows  the  mass  flow  rate  for  incompletely  burned  oxidi¬ 
zer  droplets  ejected  through  the  throat.  The  ejection  of  incompletely  burned 
droplets  is  one  ol  the  major  sources  of  contaminant.  Figure  24  shows  the 
rate  ol  outflow  of  nnbnrned  oxidizer-derived  propellant  in  the  form  of  wall 
tilm.  It  is  instructive  to  compare  this  figure  with  the  two  following  figures, 
which  represent  the  axial  distribution  of  wall-film  material  on  the  inside  of 
the  combustion  chamber  wall.  When  T-  9.9  ms,  the  wall-film  flow  is 
appreciable  (Figure  25),  and  there  is  a  coating  of  wall  film  about  1.4 
thousandths  of  an  inch  thick  which  extends  all  the  way  through  the  throat. 

At  I  18  ms  i  Figure  2b),  there  is  no  flow  of  wall  film  out  of  the  engine 
although  there  is  still  an  appreciable*  amount  of  unburned  propellant  on  the 
wall.  This  is  because  the  wall  burnoff  is  so  fast  in  the  throat  region,  that 
no  further  How  of  wall  film  through  the  throat  is  possible. 
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Figure  22.  TCC  Graphic  Output  ■  Gas  Outflow 
Rate  versus  Time 
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Figure  23.  TCC  Graphic  Output  -  Oxidizer  Droplet 
Outflow  versus  Time 
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Figure  25.  TCC^  Graphic  Output  •  Film  Thickness  on  Wall 
versus  Percent  Chamber  Length  at 
Time  =  9  Milliseconds 
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Figure  24.  TCC  Graphic  Output  •  Oxidizer 
Film  Outflow  versus  Time 
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(TIME  18  MILLISECONDS) 


Figure  26.  TCC  Graphic  Output  •  Film  Thickness  on  Wall 
Versus  Percent  Chamber  Length  at 
Time  =  18  Milliseconds 
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3.  CONTAMINANT  TRANSPORT -THE  MULT  RAN  PROGRAM 

The  M  IT  I T  R  A  N  (multiphase  nozzle  and  plume  flow  transport  program) 
computes  the  steady- state  transonic  and  supersonic  flow  field  within  the 
rocket  nozzle  and  exhaust  plume.  Momentum  and  convective  energy 
exchange  between  the  gas -phase  and  unburned  liquid  droplets  are  completely 
coupled.  Input  to  the  M U  LT RAN  analysis  is  derived  from  the  TCC  output 
by  dividing  the  transient  pulse  into  appropriate  time  "slives"  and  computing 
average  values  of  contaminant  production  (droplets  exiting  the  combustion 
chamber),  and  gas-phase  properties  for  each  time  slice. 

For  the  sample  case  (Marquardt  R-6C  engine  used  at  NASA/LeRC),  the 
50  ms  pulse  (start  of  valves  open  to  start  of  valves  close)  was  divided  into 
the  following  time  slices: 

Ignition  transient  4.  6  <  t  <  12.  4  ms 

Steady  state  12.  5  <  t  <  50.  9  ms 

Cutoff  transient  51.  0  <  t  <  60.0  ms 

Post -pulse  60.  1  <  t  100  ms 

To  demonstrate  the  computational  procedure  and  results  of  the 
MU_LT  RAN  analysis,  the  ignition  transient  time  segment  was  analyzed.  The 
same  procedure  would  be  used  to  analyze  the  remaining  three  time  segments, 
based  or.  appropriate  data  from  the  T CC  results. 

$ 

a,  Interpretation  of  TCC  Results 

Average  properties  during  the  ignition  transient  portion  of  the  engine 
pulse  were  interpreter!  as  follows,  to  be  used  as  input  to  the  transport  analy¬ 
sis.  MU  LT  R  AN: 


Variable  Definition  Value 

PC  Chamber  pressure  00  (psia) 

TOO  Chamber  temperature  5750  (°R) 

W  PWGT  Weight  fraction  of  unburned  droplets  0.45 

in  gas  ejection  from  combustor 

I’ll)  Radius  of  the  i tin  droplet  group  (fuel  0.  1,  0.  3, 

a  nd  ox  id i ze  r )  0 .  5 ,  1 .  0 , 

2  1,  (104  ft) 

(3,  9,  15, 

30,  6 3} j. ) 
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Va  riable 


Definition 


V  alue 


WPWT(I) 

Weight  fraction  of  ith  droplet  group 
in  total  droplet  flow 

0.  01,  0.  05, 
0.  10,  0.  45, 
0.  35 

GAMMA 

Cp / Cv  gas 

1.  23 

PR 

Prandtl  number 

0,  7 

RCAP 

Gas  constant 

2,  320  (ft2/ 
sec2"  R) 

CPG 

Specific  heat  of  gas  at  constant 
pressure 

1  1,  350  (ft2/ 
sec^0  R) 

The  droplet  groups  are  a  composite  of  oxidizer  drops  ranging  from  3  to  60p 
radius  and  fuel  drops  ranging  from  15  to  80p  radius.  These  values  were 
inferred  by  examining  the  D32  droplets  for  fuel  and  oxidizer  over  the  4.  6  to 
12.  4  ms  time  increment  (ignition  transient). 


b.  MULTRAN  Input  — Sample  Case  (R-6C  Engine) 

Values  for  MULTRAN  input  are  entered  via  Namelists  DATA,  and 
DATAP.  Input  data  is  printed  immediately  alter  being  read  in.  The  com¬ 
plete  data  for  this  case  is  shown  in  Table  IV  as  it  appeared  as  part  of  the 
program  output.  Asterisk  (*)  values  indicate  nominal  data  set  internally. 
Refer  to  Appendix  B  for  description  of  input  data. 


c.  MULTRAN'  Output  —  Sample  Case  (R-6C  Engine) 

(1)  Computer  Output 

A  detailed  description  of  the  MULTRAN  printout  may  be  found 
in  Appendix  B.  The  extent  of  the  printed  output  (several  hundred  pages)  pre¬ 
cludes  presenting  the  entire  output.  Representative  portions  of  the  output 
are  shown  in  Table  V  for  the  purpose  of  program  checkout  on  other  computer 
systems.  The  output  is  summarized  in  Figure  27. 

The  coordinates  of  the  output  are  nondimens  ional  i  zed  by  the 
nozzle  throat  radius  which  is  0.0973  inches.  The  nozzle  has  an  area  ratio 
of  40:1.  The  downstream  limit  for  computations  was  set  at  40. 
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Table  V— Continued 
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NON  DIMENSIONAL  DISTANCE  FROM  NOZZLE  THROAT  IZ/Rj)  (Rj  =  0.0973  INCHES) 


(2)  Interpretation  of  MULT  RAN  Output 


Figure  27  shows  the  limiting  droplet  streamlines  lor  the  live 
droplet  groups  (3,  9,  1  5,  30,  63p  radius)  representing  the  unburned  fuel  and 
oxidizer  droplets.  The  limiting  droplet  streamlines  for  eaeh  group  are 
defined  as  the  furthest  radial  position  from  the  axis  at  whieh  droplets  of  that 
particle  size  are  found.  Larger  droplets  are  closer  to  the  axis  since  they 
resist  turning  during  the  gas  expansion  due  to  their  large  mass.  The  gas- 
phase  streamlines  are  also  shown  (dotted  lines)  representing  the  boundary  of 
a  streamtube  containing  a  specified  percent  mass  of  the  flow  between  the 
streamline  and  the  axis. 

The  small  size  of  this  engine  (5-lb  thrust)  and  relatively  large 
unburned  droplets  exiting  the  combustor  tested  the  ability  of  the  M U LT RAN 
program  in  many  unexpected  ways.  An  assumption  had  to  be  made  as  to  the 
initial  flow  angle  of  unburned  droplets  exiting  the  combustor  — that  is,  in 
the  convergent  section  of  the  nozzle  throat. 

The  current  program  is  set  up  to  distribute  the  droplets  uni¬ 
formly  across  a  radial  section  upstream  of  the  throat  and  to  assign  uniformly 
increasing  negative  fieri  angles  between  the  axis  and  the  convergent  wall 
point.  The  convergent  inlet  angle  was  set  to  a  minimum  value  ol  12  degrees 
presenting  a  very  shallow  inlet.  The  implication  of  this  assumption  is  that 
droplets  cannot  turn  to  a  greater  angle  than  12  degrees  in  the  inlet  due  to 
their  large  mass.  The  12-degree  value  represents  a  limitation  of  the  current 
program,  not  an  enginee  ring  judgement. 

The  results  of  the  sample  case  show  the  difficulty  with  this 
assumption.  It  has  originally  been  expected  that  the  droplets  would  quickly 
turn  and  assume  positive  flow  angles  shortly  downstream  of  the  throat  The 
3,  9,  and  15p  droplets  did  turn,  although  further  downstream  than  expected. 
The  heavier  droplets,  30  and  63p,  also  turned,  but  only  slightly,  retaining 
a  slightly  negative  flow  angle. 

The  effect  of  this  assumption  (negative  inlet  angles  for  the  drop¬ 
lets  nearest  the  wall)  on  the  results  is  very  minor.  Had  the  droplets  been 
parallel  to  the  axis  (0  degree)  at  the  throat,  the  droplet  expansion  "cones" 
would  have  been  slightly  larger.  Numerical  difficulty,  however,  had  to  be 
overcome,  due  to  the  extremely  high  droplet/gas  weight  flow  ratios  near  the 
axis  of  the  plume-sometimes  exceeding  100:1  — due  to  the  negative  initial 
angle  of  the  heaviest  particles.  Future  work  will  eliminate  the  necessity  fur 
this  assumption. 

(3)  Summary  of  Results 

The  small  size  of  the  test  engine,  coupled  with  the  relatively 
large  unburned  drop  sizes  and  large  area  ratio  of  the  nozzle,  severely  limits 


the  ability  of  the  droplets  to  run  away  from  the  axial  direction  and  expand 
into  the  plume.  Residence  times  during  which  the  droplets  experience  high 
radial  drag  forces  in  the  nozzle  and  plume  are  extremely  short,  limited  to 
approximately  0.  2  ms  (based  on  an  average  droplet  velocity  of  approximately 
2,  000  ft/sec) . 


The  droplet  density  profiles  at  any  axial  plane  (z  =  constant)  is 
practically  uniform  between  the  axis  and  limiting  particle  streamline  for  each 
each  particle  group.  This  is  due  to  the  negligible  influence  that  the  ambient 
pressure  has  on  the  droplets  in  the  plume.  After  exiting  the  nozzle,  the 
droplets  travel  in  almost  radial  paths. 

Considering  the  initial  droplet  loadings  and  the  total  weight  flow 
ratio  of  droplets  to  gas  (Eu  /cj^,  =  0.4  5)  approximately  51  percent  of  the 
total  flow  (gas  +  particles)  is  contained  within  the  3|jl  limiting  particle  stream¬ 
line  at  the  nozzle  exit  plane.  Ol  this,  3  1  percent  is  liquid  droplets  and 
20  percent  is  gas -phase.  Further  downstream,  the  gas  expands  radially 
while  the  particles  are  contained  within  a  shallow  cone.  At  20  inches  down¬ 
stream  of  the  nozzle  throat  (not  shown  in  Figure  2  7)  42  percent  of  the  flow 
is  contained  within  the  3p  limiting  droplet  streamline,  consisting  of  31- 
percent  Liquid  and  1  1 -percent  gas-phase. 

Since  the  3 |x  droplet  group  comprises  only  1  percent  of  total 
droplet  flow,  a  more  significant  result  can  be  seen  by  examining  the  1 5p 
droplet  limiting  st  reamline  which  bounds  96  percent  of  the  droplet  flow  ( 1 5p  , 
30(j.,  and  63(i  groups  total).  At  the  nozzle  exit  plane,  3  5  percent  of  the  flow 
is  bound  by  the  1 5p  limiting  droplet  streamline  of  which  30  percent  is  liquid 
droplets  1  5p  or  greater  and  5  percent  is  gas-phase.  At  20-inches  downstream 
of  the  nozzle  throat,  th <  flow  composition  bounded  by  the  1  5(jl  streamline  is 
30 -percent  liquid  and  2-percent  gas. 

The  impact  of  this  result  on  any  analysis  or  experiment  involving 
direct  impingement  of  the  plume  from  this  engine  is  obvious.  Impingement  of 
the  shallow  central  cone  of  the  plume  will  involve  primarily  liquid  droplets 
while  impingement  by  other  portions  of  the  plume  will  be  practically  entirely 
gaseous  (aside  from  possible  condensation  of  plume  species). 

4.  KINFTICS  AND  CONDENSATION- THE  KIN  CON  PROGRAM 

The  KIN  CON  subprogram  performs  the  chemical -kinetic  and 
single-species  condensation  calculations  along  gas-phase  streamlines  as 
defined  by  the  Multiphase  Nozzle  and  Plume  Transport  program,  MULTRAN. 
When  operated  in  the  automatic  mode,  K IN C O N  accepts  card  input  data 
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describing  the  initial  gas -phase  composition,  chemical  reactions  with  rate 
coefficients,  and  pertinent  integration  control  parameters.  The  streamline 
definition  including  initial  streamline  conditions  (pressure,  temperature, 
and  velocity)  and  the  streamline  pressure  distribution  are  obtained  from  the 
MULT  RAN  program  via  TAPE  8. 

a.  Description  of  Input 

Six  streamlines  (the  axis,  25,  50,  80,  90,  and  99  percent  mass  flow 
streamlines)  were  selected  for  analysis.  The  chemical  system  (12  species 
and  24  reactions)  describing  the  kinetics  of  MMH/NTO  combustion  products 
is  a  commonly  used  set  and  was  obtained  from  the  ODK  (the  ICRPG  One- 
Dimensional  Kinetic  Nozzle  Analysis  Computer  Program)  kinetics  library 
(Reference  C-l  and  C-2  in  Appendix  C).  The  rate  constants  were  updated 
whenever  possible  with  the  latest  values  from  the  literature.  The  initial 
gas -phase  chemical  composition  was  obtained  from  thermochemical  equilib¬ 
rium  results  corresponding  to  a  chamber  pressure  of  67  psia  and  an  oxidizer  - 
to-fuel  ratio  (O/F)  of  1.5.  The  chamber  conditions  represent  averaged 
values  over  the  segment  of  the  engine  pulse  as  calculated  by  the 
TCC  subprogram. 

A  listing  of  the  RINCON  card  input  data  for  this  sample  case  is  pre¬ 
sented  in  Table  VI.  Nothing  is  entered  in  the  namelist  $  THERMO  since  a 
master  tape  of  thermodynamic  data  (in  JANAF  format)  was  attached  to 
TAPE  4.  The  12  chemical  species  with  initial  mass  fractions  follow  the  title 
card.  The  chemical  reactions  are  specified  in  two  groups;  the  three  body 
dissociation  and  recombination  react  ons  appearing  before  card  END  TBR 
REAX,  and  the  binary  exchange  reactions  following  the  END  TBR  REAX  card. 
The  rate  constants  for  the  reverse  reaction  are  input  on  the  same  card  as 
reaction,  which  is  input  in  symbolic  form.  Integration  control  parameters 
and  miscellaneous  data  follow  the  reaction  cards  in  namelist  $PROPEL. 

The  normalizing  factor  for  the  streamline  coordinate  was  taken  as 
the  throat  radius,  RSTAR  =  0.0972  in.  Initial  step  size  (HI),  minimum  step 
size  (HMIN),  and  maximum  step  size  (HMAX)  arc  input  in  values  of  the 
normalized  streamline  coordinate.  DE L  is  the  relative  error  criterion  and 
represents  a  measure  of  the  truncation  error  in  the  finite  difference  scheme. 
With  JF  =  0  all  variables  are  considered  for  step  size  control.  Every  tenth 
integration  step  is  output  as  specified  by  ND3.  Inputs  required  for  the  con¬ 
densation  pass  include:  ICOND,  the  location  of  water  vapor  in  the  species 
list;  ARE  PS ,  the  relative  convergence  criterion  for  area  ratio  iteration. 

b.  Description  of  Output 

Chemical  kinetics  calculation  passes  were  performed  for  six  stream¬ 
lines  corresponding  to  total  mass  flow  percentages  of  0  (axis  streamline), 

25.  ,  50.  ,  80.  ,  90.  ,  and  99.  Output  samples  from  two  of  the  streamlines 
(axis  and  90-percent  streamlines)  are  included  here  to  illustrate  the  KINCON 
capabilities.  Table  VII  and  VIII  present  the  properties  for  the  two  stream¬ 
lines  as  computed  by  the  SLINFS  portion  of  the  MU LTRAN  subprogram 
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Tabic  VI.  KINCON  SAMPLE  CASE-DATA  LISTING 


KHQ  S 

AMMO  KINCON  TUT  CUE 


H>l 


42509*61 


000764 


REACTIONS 
02  ■  2*0 * 


LBJ. 


A  »  3 , 3  E 1 7 , 


NO  * 

N  ♦  0, 

Aa7 , 2El5 

H2  a 

2*w, 

A»5 , 0E18 

TT7TT 

a  H  ♦'  W7 - 

— rsivnFT 

OH  a 

H  ♦  O, 

A  «2 , 3E16 

C02 

*  CO  *  0, 

A  *5 , 1 E15 

N»1 , Q , 


8*0  ,0i 


8*0  1 0 i 

8*3, 5fl, 


NU 

T~ 

in 

»  0  , 

A  >3 , 1'blo  , 

N2 

♦ 

02 

■  2*N0 , 

A ■ 1 ,  C£l3 , 

CO 

♦ 

02 

a  C02  ♦  0, 

A ■ 1 , 9E13 , 

ctr 

IN  :: 

C  *  NO, 

A  *1 ,3E10 ,' 

co 

♦ 

0  « 

C  ♦  01, 

A*2,4613, 

cc 

♦ 

H  a 

c  ♦  Oh, 

A*1 , 2E14 , 

—i 

r-R- 

*  ctr*  or  , 

TT57TETTT 

OR 

♦ 

0  s 

H  ♦  02, 

Aa2,24El4 

OH 

♦ 

H2 

a  H20  ♦  h, 

A*8,4lEi3 

"ET 

“■“tr 

20  *0, 

A 3 5  ( 7  5  Fi  i 

H2 

♦ 

0  a 

OH  ♦  H , 

Aa7 , 3 3 E 1 2 

H2 

♦ 

02 

■  2  *  OH  , 

A  a4 , 98E 23 

NO  ♦  H  *  Oh  ♦  N »  4*3,4613, 

CC  ♦  CO  a  002  ♦  C,  AW.0E13. 


NaO  ,  Q » 

ns  ti ,  0  » 


6a79,488, 

8*54,15, 


8*1,99, 
B*25  i  8 3  , 


8*16,4, 

8*2n ,1, 


□  «  1  n  ,  I  I 

8*0,0 i 

8*85,7, 


|£QJ 


8*1,38, 
8*9 , 93 , 


reaction  i 


Liru9ifl*Jkl 


REACTION  3 
REACTION  4 


REACTION  6 
REACTION  7 


END  TER  R6 A X 

NC  *  0  ■  02  ♦  Ni 

A *3 ,  CEll , 

Na*»0 , 5  r 

Bi7,13, 

REACTION  9 

SPROPEl. 

RSTAR«Q,0972, JPFiAGsl,  nEUs.jl,  ^U3alQ,  Wl*,0001i  MMIN* 


manatim 


AR6PS*,001»  E  T  a  »  0 , 1 ,  TC0N0(l)*12*r,,  1DOOND*2 


REACTION  li 

reaction  i? 


REACTION  14 
REACTION  15 


reaction  i7 
reaction  18 


nf*  I  A  w  li  J,  ▼ 

Reaction  20 
reaction  21 


Reaction  23 
reaction  24 


,  °00l ,  HMAX*1,0 


fable  VII.  KINCON  SAMPLK  CASK— O'1',.  ST  R  K  AM  LI  NK 


ST*e»t»t.iNet  1 1 •  c.ooc'o  c*  To  *cm  -»«s  >!';■ 


Z  I K  I T 
■IM* 
-n*ti-r 
VISIT  • 
ZF!S»L» 
vaxs*  • 


0  ,  C  c  0  3  0 

’9,663129 
-5678 ,  *4634? 
1714.5*842* 
19,615*6* 

6  4 


(VC'C|I’F6C1C-'»L  '  !>/'•£  ) 

C=5!») 
ireei  m- 
( r T/SF  C ) 

(•■CSCtsff*  iCSFw  *  6  /  5  C  ) 

<*C,  rt  ms««f«r  mbo*  »8!*.ts) 


-»W 

Nt, 


1 

2 

— r- 

i 
i 
s 
p 
i 

— r- 
13 
11 
12 

13 

14 

-rv 

16 

17 

ie 

19 

20 


- »1H - 

CIS’*- CF 

u/r:> 

■2,0791l7£«cn 

«1,8712()56*0" 

•  1 , 45S3JPE  *0  s 

-1,5*747*6-0? 
«t,OS«554fc.09 
-6 , 316*6a6-01 
•6,237SJlfe.;i 
-»4,ioef34t»ei  ■ 
•2,0791176.01 
0, 

2,0791176.81 
4,1562346.03 
6.2373J1E.01 
8,»16«656.81 
1 . 03955*6-00 
1,24747-6*0" 
1,4553826*00 
1,6632946*00 
l,87i2<)SE*on 


*«ri »i 
C  I  S’ **  C‘ 
I 6/RC  ) 


C  1 1  7  *  r- 1  i 
!  S/-U 


U  I 

o! 

J, 

3  i 
C, 
3, 

o', 

3, 

0, 

3, 

C, 

"»T* 

3, 

0, 

O, 

0, 


2,07511/e»Cl 

ft  ! 2  7 7 15ic*01 
7,316  «6Be*Cl 
1 ,  "1»Shocij6 
1 ,247470c*00 
1 ,455362c*0" 

I  ,  66i?9«t»Cr 

1 .5  712056*1)0 
2,0791176*00 

I I  247"29t»oft 
2,4040406*00 

2, 7O2"57e*0O 
6,Ttfr76«r»6ft 
3,1166756*00 
3,3  2656  7e»0" 

3 . 5  3**946*00 
3,742*116.00 
2,9503226*00 


7,96631. ’6 
7 , 7»56b<‘t 

7|a«2ft"6 
7.09V4V2E 
6 , 6213326 
6,53526"E 
6,2lb616E 


6.52 

6, 

4  _ 

4  '  4  *  C  f:  3 


.  .  2  66  0  7E 
, 1 7  0  C J76 
,  B"6444E 

,  44  0  6  32E 
4 , 0629656 


3^73tt‘m 
3  ,  3947B7E 
J,09C"93E 
2 , 765566E 
2.5CC373E 
2,2371136 


01 

'Cl 

01 

E*01 

Cl 


-67- 

01 

O’. 

■Cl 

01 

01 


- 21 - 

22 

23 

24 

25 

26 

- 2. 59868*6. 8? 

2,6793926*00 

2,869-496.00 

3,0784246.89 

3,2«7i>l»E.OO 

3,5599766.08 

-ib - 

0, 

0, 

0, 

0. 

0. 

- *7974ll7r»e6 

4 , 75er*i;9t.0O 
4,9461666.0" 

5 , l50"4»c.08 
5,3669356.00 
;  ,6  386926*00 

t  iinwtwi - 

1 ,4160006*01 

1 ,268686E*C1 
1,1209136*01 
9,B51113E*00 

8,3972696*0" 

28 

4,0605746*0" 

0  \ 

U. 

ft  ,ii5mt*op 

6,27345PE*0' 

29 

4 ,30123"6*O" 

0, 

6,3803*76*00 

5,4724466*0" 

58 

4,9481816.00' 

» , 

6,6272186*08 

4,7797876*0" 

31 

4,8035346*08 

0, 

6,8926516*0." 

7,1*61356*00 

4 ,19t7l6E*C0 

32 

5,0676166*0" 

=  , 

3,64C650E*C" 

- w — 

- 5.8436496*89 

-flT - 

- >i*tt142t«86 

a.lt6ofr76«t" - 

34 

35 
76 

37 

38 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

*T* 


5,6286536*00 
5,93960-6*00 
6,3268676.0" 
6,696349E*0" 
7,0323846.00 
7.3777866.86 
;,624«37E«CP 
7,9129746.00 
8  ,'254*176.06 
8,544Pi’t*0" 
8, 84360*6.00 
9,2941136.0-6 
9,881*636.00 
1,03322*6*01 
1,07734»6*01 
1,12172»E*01 
1,1426596*01 
1,1669276.81 
1,212*626*01 
1,2562196*01 
1,277*476*01 
1 , 35541*6*01 
1,45290*6*01 
1 i 4*36126*01 
1,529  ;l6sfc*01 
1,592-476*01 
1,6091396*01 
1  ,  6689936  *01 
1  ,  69576  76*01 
1, 7S5M4t.ii 
1  ,  773<-7‘-fc*ci 


0, 

0, 

0, 

0, 

0, 

o! 
0, 
9, 
0, 
0, 
0 , 
0. 
0, 
0, 
9, 
0, 

o! 
0 1 
0, 
*3 

-  I 

8, 


7,7079706*00 
6,^167176*50 
8,40596*6*03 
C  ,777*666*00 
9 , 111^016*00 
7  i  456**176.83 
9,70395*6*00 
9,9920916*00 
1,8783646*81 
l,C4iJ393e*0! 
1,0 922626. 01 
1,1  3736 3c  *01 

l,l«e *7«e«01 

1,2*11366*01 
1 , 2*52606*01 
1  ,  3  29.*40e*0i 
1,3504716*01 
1,344»396»81 
1,419973^*01 
l,4MiJie*01 

1  , 4»495Ve*01 
1 ,5633JOc*0-_ 
1  ,*U*18e*Cl 
1 ,6411281*01 
1 , 737779c*01 
1 ,79V554t*01 
1,817’5U*C1 
i,*76305e*C5 
i  ,  :«c  79t  *C  1 


»  I  W  L  «  W  W  •  s. 

2 ,397lft-6 
2,S2«106E 
1 , 744530E 
1 , 503563  E 
"27  3815376 


0" 
0" 
CO 
0  0 
0" 
■6*- 
C" 
CO 
0' 

0  - 
c- 
o- 

i" 

01 

-01 

01 

oi 

■n- 

01 

Cl 

01 

01 

*1 

to¬ 

ll 

01 

01 

c< 


I 
I 

s 
1 

56 

39 

6  a 
51 
62 

-M- 

64 


1 ,5729j6E 
1,2*51316 
1,4307058 
1 ,22737, -E 
1 ,65042«E 
1 ,Cf95s;E 
1 ,2356346 
9 ,8.47776 
9,876l4?t 
8,1262166 
6  ,  6269966 
-7, -125*646 
7,4!402*E 
6,2902436 
6,559-126 
5 , 071056E 
5,147646E 

а,  9*  76616 
8,9477906 
3,2691616 
4,1627546 
2,8’6233E 
* ,1*03666 

б, 26488ft 


0, 

0, 

0, 

0  I 
0, 
■57- 


frt- 

1 ,9»lkt 't  *  C  1  3,966*0 3  6-  01 
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Table  VIII. 


KING  ON  SAMPLE  C ASE-90%  ST!1  E AMLINE 


STHEIHLIV'EI  «>•  90,000c1?  PERTINT  Or  THE  T0T»1,  H«S 
Z  t  M  T  «  C , C  0 1 0  n  C  ( NONDI “EHS 1 0"  4L  •  S/RC ) 

PISM  «  79,551810  ( P  S I  *  ) 

Tm - sTi'ETT^ — nmrpn - 

VIMT  •  1724,195862  (  F  T  /  36  C  ) 

ZT  | s au  =  24,408773  <so'(Dl“EKSI0*.*l  •  2/RC) 

H5VSK  =  50  < NO ,  Of  PRES5U9E  TaBlE  P0IMT5 ) 


- POP  T 

- nrm - 

•  ’TIT  41 - 

STWEAHLJNf- — 

HMtisUHfc 

‘  «  • 

0 1 S  T  4NCE 

0  1  S7  4.90E 

CI5T.NCE 

(PSU) 

(  2/90 

is/ao 

l  5/aC ) 

1 

•2.C79U  7E * 0 

V. 155289E.00 

f.  . 

7,9551816401 

7 

•1 ,8712r56.?0 

1  .1157686*00 

7.1163.17E.61 

7,7630266.01 

9T7F5T7VTET0X 

l , 0855S8E*r0 

4 , 225094E. fi 

r * 

4 

-1,4553826.10 

l , 74959l?*n& 

6,  J27ll7E.il 

7,2952866*01 

* 

•l ,?47470f ♦*: 

1 .  72?5UF*00 

?.4234iOE.ni 

7,1161176401 

k 

•l,f 39558E«*3 

1.8£0l76E*80 

1.151441?.  60 

6,7135746*01 

? 

•a , J16468F.il 

9 .818667c.fi 

1  ,26121 5E» 10 

6,401010F»P1 

i 

-c>,  ?j7jK»i€*-Cl 

9, 672626F-P1 

1  , *636759. 10 

4,  .'SiAoie.ci 

* 

»4 , ! Sb 

1  1  A7A79JP* AQ 

5, "6814356.51 

i* 

-?,*79u  76.*1 

9,5069639*01 

1,884798F«"u 

5,3ci47«39»01 

u 

, 

9,4851109.01 

?  ln9?792E#ro 

4, 9123*56. PI 

i? 

7,'79l‘.7E-0 

9 , 5 037839.01 

? ,  TCi642E.ro 

4 , 5 15893E* 8l 

1’ 

«,15"i?4t.ri 

3.*»6m3c*ri 

?,5l  8636F.H 

4,1257536.01 

1‘ 

», 2373811. o 

*3 ,  Aft?676P-*l 

7 ,7l678B9.ip 

3,7376576*11 

i1* 

J,  '1  f  4  4  PI- .  " ! 

5  ,  '’C25889.il 

J.9J51T2E.8" 

J , J61  ?^4F#hl 

1 , "  J  0  5  c  o  p  •  *  o 

8 , 9o372J9.ri 

X  .1 3*8*9* ♦U 

J,. 032719.1  ] 

^  •* 

t  ,  7  *•  7  4  ?  L  r  ♦  *  V 

1 , 12*5349. pt 

3 .  ?4?956r#-*^ 

?, 6794299. nx 

1 ,45'3»2F.if 

< , '4*7439*80 

3.55J51EE..-, 

7,7614646.11 

1  ‘J 

•.,‘6’i94E.'l 

:,,,77-«9P*ru 

1 .  7es7679P»") 

7,  667299.ni 

c 

1  ,"712*89.,:. 

1  ,1115799.  fi, 

3,97  U765."o 

l  ,1010379. PI 

1  , 1 28  1  ? JL ♦’  , 

1  ,  14B39»8..->0 

4  .  7J997o>-.lC 

)  .sivsipi-.ni 

1  .  1743179. 1v 

1. ,  4051059. ni 

c’ 

3,S^44J4F#  *  .* 

’ #?41 jAije^J 

/  ,  A2 

1 , .616956.11 

l* 

7.7S63789.", 

1, 3159676.  .1  r. 

4.9l?l,|9E.M 

9, 5877756. lj 

28 

:.r.7»3P*  *  j 

1  ,  4965789.N, 

5.7171319.*., 

►.  ,  4372339  *10 

f 

5,J4267sF*1j 

1  ,  4661779.00 

A , 4*3 J41F*^L 

7, 55186oF.no 

' , 'i  1C  '51-.  It 

t  ,  t  6  ^  i * *i c * ,i j 

4 , >695402.10 

4,3787/69.3' 

*• 

■  *j  <?  s  a  4  f  ♦" 

\  ,  A^4a7&r< 

6.72U519.-1 

9 .8J.3.J299. .1,1 

C  * 

4  ,4  ’.84  >9F«*  i 

«  ,  7  49,"4?  ♦  •V, 

6.59*964E.*  1 

« ,  '7889ic,r  , 

y 

? ,  35.r39c.nc 

6.7732’’2r*r  1 

< . 1941 479 .no 

i  ' 

9 . 7i jc »*  ■ 

\  ,^5fliR3C*'. 

7,4J52’,7C*'  1 

J ,  i342356.Pi.' 

i' 

>, A744R7? •:  t 

J  ,  . 752949 ."v 

7,  *9 « 4 4 Ilf  ♦*U 

3  ,  '210279. 13 

. S ' 

mfmnaii 

5 . 4253325.1 

5  ,  r  -y  J  i X  t  1 C 

J  6 

»  ,  744H4F*  *  j 

<?,34&6?(jc*% 

9  ,  1 7  *  7  7  c  ♦  ' 

7,  41  9529  .ro 

y> 

’.TPW’JF.r, 

’,5169709.10 

7 , 6f»^47yF«"n 

1  ,  '*  .5  ’  9  7  4  e  ♦  r,  - 

X  k 

c , 7 129  65F • " * 

7, 327502=. 1, 

1  .  ’31  6' 29. r  1 

1 ,7495399.rJ 

y 

7,1  979itft. 'i 

'5,?«*AV''2c#nu 

J •14^1r9r*rl 

45.2559. 11 

9 , 88c3*4E  .1  j 

7 , 1471859. Po 

/.••27ll(i6«m 

y: 

i  ,  1  '  8  0  “  3  7  «  '■  1 

' ,  ’ ; 3  75.1c- 

<  , ’154769.  '1 

8.91T730r201 

c  • 

1 , ! 672q6c .*1 

3.59571 I9.rc 

1,4 p B7«4E.il 

«, »  9«11 0P-01 

••  * 

1, 269fti 7E  «71 

'.4567P5F.ri 

! ,4142595.11 

47 

1 , 3i?2'5E.“l 

4, *911779. lo 

• , 4r776BE.il 

3, '194169. Jl 

4  J 

1 ,479c; 2F.*1 

4 , !86eifc9.Ct 

l,7o'259E.ri 

?, Jt?6336.ii 

4  4 

1  ,75.-499c  .'1 

4  ,  59i.’249.Po 

1, "193125*11 

7,13  17179-01 

177T4  3  .  7t  .'i 

5  ,  *  5 1 J  6  2  9  ♦  6  0 

2.  ’C7B7IJ9.11 

1  .‘I'OIV-.OI 

•»  * 

t ,8436748.  1 

5,  50U46  =  *rC 

7,1062109.11 

1,2574969.01 

47 

1,9648666. *1 

’, Sl6246F»0o 

7,7J14Ji9.ni 

1,  269586-01 

4Q 

7,1174206.01 

%  90J244E.no 

2,T5564JF.6i 

»,?102549.82 

40 

’,i4Sa4iE."i 

4, 9353849. P(j 

?,41<24Br.*ii 

8,3169979.12 

7? 

?,12,757F.ii 

5, 4J8C  249.no 

5, 4415779. ri 

8.l47-i4i£*:2 _ 

Table  IX  identifies  the  first  streamline  (axis)  and  the  calculation  pass 
(kinetics).  The  pressure  distribution  as  a  function  of  the  streamline  coordi¬ 
nate  is  presented  in  Table  X.  Several  pages  listing  input  variables,  species, 
and  reactions  have  been  omitted  since  all  the  input  data  have  been  presented 
in  Tables  VI,  VII,  and  VIII, 

Initial  streamline  conditions  are  shown  in  Table  XI„  The  chemical 
composition  corresponds  to  the  input  equilibrium  chamber  composition.  The 
pressure,  velocity,  and  temperature  are  the  values  obtained  from  TAPE  8 
(MULTRAN  analysis).  Station  output  at  several  downstream  positions  is 
shown  in  Tables  XII,  XIII,  and  XIV.  Output  from  all  other  stations  l^as  been 
omitted  since  it  is  of  the  same  format.  A  summary  of  the  maximum  and 
minimum  net  production  rates  for  each  reaction  is  illustrated  in  Table  XV. 

A  similar  sampling  of  output  for  the  90 -percent  mass -flow  stream¬ 
line  is  included  in  Tables  XVI  through  XXI.  Over  the  region  analyzed  in  the 
present  sample  case,  water  vapor  did  not  reach  saturation  conditions  and  the 
condensation  calculation  pass  was  not  performed.  The  characteristics  of 
condensation  calculation  pass,  including  sample  output,  are  illustrated  by  a 
sample  case  in  Appendix  C,  subsection  C.  7. 

c.  Discussion  of  Results 

Results  of  the  KINCON  analysis  are  illustrated  for  the  99-percent 
mass -flow  streamline  and  are  typical  of  the  other  streamlines.  Figures  28 
through  30  present  the  static  pressure,  velocity,  and  mass  fractions  of  sev¬ 
eral  species  as  a  function  of  the  streamline  coordinate  which  is  zero  at  the 
upstream  boundary  of  the  transonic  zone  (nozzle  throat).  The  streamline 
presented  here  extends  just  past  the  nozzle  exit  plane.  Figure  29  presents 
the  streamline  static  temperature  as  computed  by  the  KINCON  subprogram 
along  with  the  gas -phase  temperature  predicted  by  the  MULTRAN  analysis 
(constant  specific  heat  ratio).  The  error  in  static  temperature,  ignoring 
detailed  kinetic  effects,  may  be  sizeable. 

As  can  be  seen  by  the  distribution  of  species  H2O,  H,  and  O  in 
Figure  30,  the  chemistry  is  essentially  frozen  downstream  of  a  streamline 
coordinate  of  10.  As  would  be  expected,  the  constant  specific  heat  ratio, 
which  is  an  equilibrium  value,  results  in  a  MULTRAN  temperature  predic¬ 
tion  that  is  higher  than  the  values  predicted  by  KINCON  which  is  essentially 
frozen. 


Figure  29  presents  the  gas  velocity  along  the  streamline.  The 
higher  velocity  predicted  by  the  KINCON  analysis  is  in  keeping  with  the  dif¬ 
ferences  noted  in  the  static  temperature  distributions.  Again,  ignoring  the 
details  of  the  streamline  expansion  could  result  in  a  significantly  error  in 
gas -phase  properties.  The  analysis  procedure  utilizes  the  MULTRAN  anal¬ 
ysis  to  define  only  the  coordinates  and  static  pressure  for  the  gas -phase 
streamlines. 


Species  compositions  presented  in  Figure  30  are  shown  to  indicate 
the  region  and  extent  of  the  chemistry.  Some  water  vapor  is  formed  from 
H,  O,  and  OH;  however,  the  changes  in  composition  in  general  were  small 
witn  the  composition  essentially  frozen  downstream  of  a  coordinate  of  10. 
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Table  X,  KINCON  SAMPLK  CASK-HR  KSSTRI-!  TABU-  (O'1'  SI  R  I-  AM  LI  XT. ) 
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'['able  X.— Concluded 
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Table  XI.  KINCON  SAMPLE  CASE-INITIAL  CONDITIONS  (0rn  STREAMLINE) 
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Table  XV.  KINCON  SAMPLE  CASE— MAXIMUM  AND  MINIMUM  FOR  REACTION  PRODUCTION 
RATES  (0%  STREAMLINE) 
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Tablr  XV  II .—Concluded 
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Table  XVIII.  KINCON  SAMPLE  CASE— INITIAL  CONDITIONS  (90%  STREAM  LINE ) 
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SECTION  VI 

CONCLUSIONS  AND  RECOMMENDATIONS 


1.  CONCLUSIONS 

A  computer  program  has  been  developed  to  predict  the  sensitivity 
to  engine  operating  parameters  and  impingement  geometry  for  the  produc¬ 
tion  and  transport  of  bipropellant  engine  contaminants.  A  subprogram  to 
analyze  the  effect  of  plume  impingement  on  sensitive  thermal  and  optical 
surfaces  in  terms  of  changes  in  surface  properties  has  been  initiated  but  not 
completed.  The  contaminant  production  and  contaminant  transport  models 
and  subprograms  have  been  checked  out  and  seem  to  be  working  correctly, 
although  verification  with  experimental  data  has  not  been  attempted  due  to  a 
lack  of  detailed  experimental  data  relating  engine  operation  to  contaminant 
effects  on  surfaces. 

Based  on  the  analysis  of  a  single  engine,  the  Marquardt  R-6C 
MMH/NTO  5-lb  thrustor,  it  appears  that  significant  amounts  of  unburned 
fuel  and  oxidizer  will  be  ejected  from  the  engine  during  the  transient  portion 
of  the  pulse  and  that  this  contaminant  may  cause  damage  to  sensitive  thermal 
and  optical  surfaces  if  they  are  impinged  upon  by  the  central  core  of  the 
plume. 

2.  RECOMMENDATIONS 

The  contaminant  effects  model  is  incomplete.  It  is  recommended 
that  the  additional  effort  be  undertaken  to  improve  this  portion  of  the  analysis 
by:  (1)  experimentally  determining  the  rate  of  deposition  of  plume  material 
on  thermal  and  optical  surfaces  as  a  function  of  surface  temperature, 
impingement  flux,  and  type  of  material,  and  (2)  extending  the  analytical 
model  to  include  a  sufficient  number  of  surface  materials  and  contaminant 
species. 


Additional  programming  work  is  required  to  complete  the  develop¬ 
ment  of  the  Transient  Combustion  Chamber  Dynamics  Program  (TCC)  as  an 
operational  program. 

It  is  further  recommended  that  the  CONTAM  analysis  be  extended 
to  include  contamination  resulting  from  hydrazine  monopropellant  thrustors. 
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Appendix  A 


TCC 

TRANSIENT  COMBUSTION  CHAMBER  DYNAMICS 
COMPUTER  PROGRAM 


A  Bipropellant  Contaminant  Production  Model 

A.  1  INTRODUCTION 

a.  The  TCC  Program 

The  computer  program  described  in  this  appendix  is  a  subprogram 
to  the  Plume  Contamination  Effects  Prediction  Computer  Program, 

CONTA M,  and  performs  the  time-varying  analysis  of  the  chemical  and 
physical  processes  occurring  in  the  feed  system,  injector,  combustion 
chamber,  and  nozzle-throat  inlet  of  a  bipropellant  rocket-engine  system 
operating  under  unsteady  conditions.  As  a  subprogram  to  CONTA M,  the  TCC 
program  is  the  first  link  in  the  analysis  of  contamination  effects,  providing 
information  about  production  of  contaminants  in  the  combustion  chamber  and 
the  dynamic  and  thermodynamic  state  of  combustion  gases  entering  the  nozzle 
throat.  Unburned  propellant  droplet  distributions  and  liquid  wall  film  flow 
are  computed  for  the  entire  transient  pulse  as  well  as  gas-phase  properties. 
TCC  may  also  be  used  as  an  independent  computer  program  on  any  third  - 
generation  computer  with  a  core  exceeding  135,000  words  and  a  Fortran  IV 
processor. 

Development  of  the  TCC  program  has  been  supported  by  MDAC 
Independent  Research  and  Development  over  a  period  of  approximately  five 
years  with  additional  modification  supported  by  the  current  Air  Force  Rocket 
Propulsion  Laboratory  study.  References  A-l  through  A -3  discuss  the 
detailed  modeling  of  the  combustion  processes  included  in  the  basic  TCC 
program.  Reference  A-4  discusses  extensions  of  the  TCC  program  to 
predict  contaminant  production.  As  far  as  is  practical,  this  appendix  will 
cover  all  aspects  of  the  modeling  and  computer  program.  If  detailed  infor¬ 
mation  is  desired,  sec  References  A-l  through  A-4. 

The  program  is  based  upon  a  finite-difference  computer  solution 
for  the  large  set  of  differential  and  algebraic  equations  describing  the  physi¬ 
cal  and  chemical  processes  which  occur  during  the  preignition,  start 
transient,  steady  operation,  cutoff  transient,  and  between-firing  intervals 
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of  rocket  engine  operation.  The  intent  has  been  to  use  the  simplest 
acceptable  mathematical  approximation  /or  each  process,  but  to  model  all  of 
the  processes  which  are  known  to  be  important.  Thus  the  program  is 
sufficiently  general  to  calculate  steady  and  unsteady  combustion  efficiency; 
vacuum-hypergolic  starts,  sea-level  ignited  starts,  low-frequency  combus¬ 
tion  instability,  pulse-mode  impulse,  and  contaminant  production,  without 
requiring  any  special  assumptions  for  any  of  the  special  cases. 

b.  Previous  Combustion  Dynamics  Models 

The  earliest  calculations  of  rocket-engine  behavior  treated  the 
rocket  engine  system  as  a  simple  thermodynamic  device.  In  1949,  Sutton 
described  methods  adequate  to  calculate  steady  flow  rates  (Reference  A-5), 
pressures,  and  performance,  assuming  isonthalpic  combustion  followed  by 
an  isentropic  expansion. 

Unfortunately,  the  major  problems  encountered  in  the  actual  opera¬ 
tion  of  rocket  engines  wore  not  described  by  nor  amenable  to  solution  using 
the  assumption  of  steady  equilibrium  processes.  The  most  important  opera¬ 
tional  problems  included  destructive  hard  starts,  both  at  sea  level  and  high 
altitude,  and  for  both  hypergolic  and  ignited  propellants.  Oscillatory  cutoffs 
contributed  large  but  i  r  reproducible  impulse  increments  after  the  engine 
cutoff  command.  Incomplete  combustion  led  to  lower  than  ideal  specific 
impulse  and  the  existence  of  nonequilibrium  contaminant  products  in  the 
engine  exhaust.  System  instabilities  were  damaging  to  engine  hardware, 
propulsion-system  performance,  and  vehicle  effectiveness.  Transient  opera¬ 
tions,  such  as  pulse-mode  operation  with  short  pulse  widths  were  not 
described  adequately  by  idealized  steady-state  assumptions;  therefore,  actual 
realized  specific  impulse,  mixture  ratio,  response  times,  chamber  pressure 
peak  values,  and  rate  of  pressure  rise  had  to  be  obtained  experimentally. 

The  analysis  of  steady  rocket-engine  combustion  and  the  analysis  of 
rocket  system  transients  were  sufficiently  complex  to  require  two  decades 
of  study  and  contributions  from  a  large  number  of  investigators  in  order  to 
arrive  at  the  present  degree  of  understanding.  Unfortunately,  the  studies  of 
the  steady  processes  and  the  studies  of  transients  took  quite  divergent  paths, 
and  it  is  only  in  the  most  recent  work  that  the  droplet  evaporation  approach 
to  combustion  and  the  time-dependent  system  simulation  by  digital  integra¬ 
tion  have  been  combined.  The  TCC  program  described  here  is  based  upon 
both  of  these  classic  approaches  to  rocket-ev  gino  analysis.  Although  the 
digital  system  model  with  droplet  combustion  has  not  yet  incorporated  all  of 
the  refinements  from  either  of  its  antecedent  lines,  it  has  shown  a  consider¬ 
able  capability  to  explain  rocket  engine  phenomena  which  were  previously 
beyond  analysis. 

(1)  Steady  State  Kngine  Analysis 

The  mathematical  analysis  of  the  rocket  combustion  chamber 
operating  under  steady  conditions  was  developed  over  an  extended  period  of 
time. 
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In  1953  Penner  approxi mated  the  lifetime  of  droplets  in  .1 
rocket  combustion  eh  a  m  be  r  assuming  simultaneous  Knudsen-  Langmui  r  evap¬ 
oration  and  nonconvective  heat  transfer  with  no  effusion  correction 
(Refe  rencc  A  -6). 

In  1954  Meisse  calculated  one-dinicnsional  trajectories  and 
combustion  rates  for  monodispcr.se  droplets  in  a  chamber  (Reference  A -7). 
One  case  arbitrarily  assumed  axial  gas  velocity  to  be  constant,  while  another 
assumed  gas  velocity  to  be  proportional  to  the  distance  from  the  injector. 
Stokes  Law  was  used  for  drag  and  Frossling's  correlation  of  heat  transfer 
rate  with  droplet  Reynolds  number,  but  no  correction  was  made  for  effusion. 

The  droplet  approach  to  combustion  chamber  analysis  was 
greatly  advanced  between  1957  and  I960  by  Priem  and  his  associates 
(Reference  A-8  and  A-9)  who  developed  methods  for  the  numerical  integra¬ 
tion  of  the  equations  determining  l^it  transfer,  evaporation  rate,  and  aero¬ 
dynamic  drag  of  propellant  droplets;  and  who  tied  the  combustion  gas  velocity 
at  each  axial  point  to  the  total  droplet  evaporation  upstream  of  that  point. 
Priem's  method  handles  ensembles  of  droplets  having  arbitrary  droplet  size 
distributions  and  uses  accurate  empirical  correlations  for  the  simultaneous 
transport  processes  and  for  temperature-dependent  physical  properties. 

The  droplet  approach  to  combustion  chamber  analysis  received 
detailed  experimental  confirmation  through  the  combined  experimental  and 
theoretical  studies  of  Lambiris,  Combs,  and  Levine  in  the  period  1961  to 
1962  (Reference  A-10),  [experimental  droplet  and  gas  trajectories  were 
obtained  from  streak  photographs  using  a  windowed  rocket  combustion  cham¬ 
ber.  These  experimental  trajectories  were  compared  with  trajectories 
calculated  using  a  wide  variety  of  conflicting  correlations  for  the  transport- 
processes,  size  distributions,  and  physical  properties.  The  variation  study 
determined  the  correlations  most  appropriate  for  the  rocket-engine 
environment. 


In  1965  and  1966,  the  Dynamic  Science  Corporation  further 
refined  the  droplet  method  by  simultaneously  computing  the  combustion  of 
fuel  and  oxidizer  droplets,  instead  of  assuming  — as  previously —  that  oxidizer 
vaporization  was  "fast''  (Reference  A  —  1 1 ) .  This  leads  to  an  axial  composition 
and  temperature  profile  for  the  combustion  gas.  The  overlapping 
bipropellant-monopropellant  behavior  of  the  hydrazine  fuels  was  also 
considered. 


The  most  recent  advance  in  the  droplet  approach  has  been  to 
break  down  the  thrust  chamber  into  separate  streamtubes  or  zones  to  reflect 
the  uneven  transverse  distribution  of  fuel  and  oxidizer  from  the  injection 
elements.  F.ach  zone  is  separately  analyzed,  using  a  droplet  malysis 
upstream  of  the  chamber  throat  and  an  equilibrium  or  chemical  kinetic 
expansion  downstream  of  the  throat.  Overall  specific  impulse  is  obtained  by 
summing  the  mass  flow'  rate  and  thrust  over  the  ensemble  of  zones 
(References  A- 12  and  A -13). 
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(2)  Unsteady  System  Behavior 

The  problems  related  to  transient  behavior  of  rocket  engine 
systems  have  been  attacked  in  a  very  fragmented  way.  The  approaches  to 
low-frequency  instability,  vacuum  hype rgolic  ignition  and  spiking,  pulse¬ 
mode  operation,  and  cutoff  impulse  have  been  quite  independent  of  each 
other,  and  generally  totally  unrelated  to  the  analyses  of  steady  combustion. 

(a)  Stability  Boundarv  Analyses 

Low-frequency  combustion  instability  was  first  analyzed  in 
the  period  19-19  to  1951  by  a  variety  of  investigators  (References  A-14,  A- 15, 
and  A- lb).  Generally,  however,  they  all  considered  the  equations  of  flow 
through  a  single  feed  system  having  lumped  resistance  and  inertia  terms, 
and  considered  the  accumulation  and  efflux  of  combustion  gas  from  the 
chamber.  In  all  cases,  the  combustion  process  was  approximated  as  a  fixed 
time  delay.  The  equations  were  not  integrated  to  give  the  chamber  pressure 
history,  but  were  attacked  with  control  system  theory  to  give  criteria  for 
stability  or  instability  of  the  system  as  a  function  of  frequency. 

In  1951  Crocco  performed  a  similar  analysis  in  which  the 
combustion  time  delay  was  elaborated  by  being  regarded  as  a  variable 
function  of  chamber  pressure  (Reference  A- 17). 

In  1^56  Barroro  and  Bernard  extended  this  approach  to 
make  the  combustion  time  delay  a  function  of  both  chamber  pressure  and 
time-varying  primary  atomization  droplet  size  (dependent  upon  injection 
pressure  drop)  (Reference  A- IS). 


Calculations  of  combustion  instability  boundaries  with  a 
combustion  time  delay  dependent  upon  both  chamber  pressure  and  primary 
atomization  droplet  size,  were  pursued  further  by  Hurrell  in  1959 
( Refe rent: e  A  -  1 9). 


''Klystron  effect,"  or  bunching  of  the  injected  propellant 
streams  in  the  preimpingement  region  as  the  result  of  injection  velocity 
modulation,  was  observed  in  experimental  chugging  motor  firings  and  was 
described  by  l.awhend,  Levine,  and  Webber  in  1956  (Reference  A-20). 
Theoretical  and  experimental  investigations  of  this  phenomena  were 
reported  by  McCormack  in  1^64  (Reference  A  —  2  1 )  and  Fenwick  and  Bugler 
in  U>66  (Reference  A-22). 

(b)  T i me- Dependent  Solutions 

There  were  several  early  attempts  to  integrate  the  equa¬ 
tions  describing  the  system  processes,  so  as  to  obtain  a  calculated  transient 
combustion  chamber  history;  however,  close  agreement  with  experiment  was 
not  obtained. 


In  l^ho,  l.awhend,  Levine,  and  Webber  (Reference  A-20) 
digitallv  integrated  the  system  equations  for  a  square-law  resistive  feed 
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system,  accumulation  and  efflux  ca i  gas  from  the  c  hamber,  and  a 
pressu  re-dependent  \  ielle's  law  combustion  rate  assuming  a  fixed  mean 
droplet  diameter.  The  computed  starts  and  low-f requeues'  combustion  insta¬ 
bility  agreed  with  experiment  only  in  yeneral  trends. 

In  Ida?  (lore  and  barroll  obtained  time-dependent  solutions 
for  a  complicated  rocket-engine  system,  using  an  analoyue  computer 
(Reference  A-23).  The-  system  model  included  lurbopumps,  c  out  rol  I  c rs  , 
ino  rtial- resistive  feed  systems,  and  a  fixed  lime-delay  approximation  for 
combustion.  This  analysis  was  basically  intended  to  calculate  start  and 
cutoff  transients  and  throttle  control  response,  but  one  of  the  published 
calculations  included  what,  was  apparently  clingy  ing  instability.  Scales  were 
omitted  from  the  plotted  results,  and  no  comparison  with  experiment  was 
mad  e. 


In  1058,  K  layer  and  Farrell  described  a  very  detailed 
transient  system  analysis  which  was  solved  on  a  digital  computer 
(Reference  A-2-4).  It  included  res  is  live?  -  i  ne  rtial  -  eompres  s  i  hi  e  feed  systems 
calculated  by  the*  method  of  characteristics  and  the  effects  of  valve  opeuiny, 
injector  priming,  a  bootstrap  gas  yenerator,  and  lurbopumps.  The  combus¬ 
tion  was  approximated  as  a  pressure-dependent  time  delay.  The  calculated 
and  experimental  chamber  pressure  histories  agreed  within  10  percent 
during  a  smooth-start  transient  and  most  of  a  cutoff  transient.  However, 
the  calculations  did  not  model  the  low-f recpicncy  combustion  instability  which 
occurred  on  cutoff. 

(c)  Closed  Form  Mathematical  Solutions 

There  have  been  a  number  of  efforts  to  obtain  mathematical 
closed  form  solutions  to  steady  and  transient  combustion-chamber  phenom¬ 
ena.  In  several  cases  these  have  followed  after  more  general  solutions  had 
been  obtained  by  numerical  methods.  The  approximate  solutions  to  the 
steady  combustion  chamber  by  Mayer  (Reference  A-25)  and  Spalding 
(Reference  A-26)  are  in  this  category.  Rodeau  (Reference  A-27)  has  offered 
an  analytic  solution  for  the  cutoff  transient  and  Peterson  (Reference  A -28) 
for  the  start  transient.  All  of  these  methods  are  so  over-simplified  for 
mathematical  convenience  that  the  results  are  of  very  restricted  utility. 

(cl)  1 1  v pi •  ry  o!  i e  ]  y n  it  i on 

The  vacuum  hvpcryolic  iynition  process  was  analyzed  by 
Seamans,  Vanpee,  and  Ayosta  in  the  period  Idol  to  FT?  (Reference  A-29). 
Their  approach  was  a  droplet  analysis  of  the  chamber  transient  dnriny  the 
preignition  interval.  The  propellant  droplets  were  presumed  to  vaporize  by 
a  Knndsen- Languid  i  r  evaporation,  with  adiabatic  eooliny  of  the  droplet- vapor 
system.  A  portion  of  the  propellant  vapor  flows  throuyh  the  nozzle,  with 
the  remainder  accumulntiny  to  pressurize  the  chamber.  Although  droplet 
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trajectories  were  not  calculated,  the  evaporation  from  each  droplet  could 
be  terminated  after  a  prescribed  droplet  residence  time,  The  walls  could 
be  presumed  to  be  wetted.  Cveiporation  from  the  walls  and  condensation  on 
the  walls  were  both  modeled.  The  size  distribution  of  the  injected  droplets 
was  simulated  by  three  discrete  initial  size  groups;  however,  the  mean  size 
and  distribution  used  were  typical  of  impinging-stream  atomization  rather 
than  vacuum-flashing  atomization,  which  would  be  the  expected  mode  for  the 
earliest  propellant  injected.  The  injection  flow  rate  and  initial  droplet  size 
were  not  varied  with  time.  The  global  chemical  kinetics  of  the  vapor  phase 
igmtion  reactions  were  experimentally  investigated.  They  did  not  calculate 
any  of  the  combustion  events  subsequent  to  ignition. 

Spiking  — or  explosive  hard  starts  in  hypergolic  vacuum 
ignition  — was  examined  experimentally  and  theoretically  by  Martens  in 
1966  (Reference  A-30).  Based  upon  his  experimental  studies,  he  ascribed 
great  importance  to  the  propellant  deposited  on  the  chamber  walls  during 
the  preignition  interval. 

The  postfiring  vacuum  evaporation  from  the  wetted 
chamber  walls  and  the  postfiring  deposit  of  new  propellant  on  the  walls  by 
injector  dribble  were  described  by  Juran  and  Stechman  in  1968 
(Reference  A  -  3  1 ) .  They  emphasized  the  possibility  of  continued  buildup  of 
combustible  material  on  the  wall  over  a  series  of  closely  spaced  short 
puls  es . 


In  addition  to  the  above  chamber  and  system  studies, 
there  has  been  a  large  volume  of  experimental  and  theoretical  work  describ¬ 
ing  the  individual  processes  occurring  in  the  chamber,  such  as  flash 
atomization,  impinging  stream  atomization,  aerodynamic  droplet  drag, 
droplet  combustion  rates,  etc. 

c.  The  MDAC  Transient  Combustion  Chamber  Program 

The  present  transient  combustion  chamber  program,  TCC,  is 
based  upon  and  extended  from  these  previous  studies  (Reference  A-l 
through  A-  l).  1'he  TCC  program  was  started  at  MDAC  in  1967  under  IRAD 
funding  as  a  general  method  for  solving  transient  problems  in  liquid  rocket 
engines,  and  in  particular  as  a  basis  for  aiding  in  the  development  of  very 
fast  response  control  engines.  It  very  quickly  became  evident  that  the 
program  had  the  capability  to  model  low-frequency  combustion  instability 
with  great  precision,  that  it  had  a  considerable  potential  for  assisting  in 
the  analysis  of  hard  starts  in  both  hypergolic  and  externally  ignited  engines, 
and  that  it  offerefl  a  feasible  approach  to  the  study  of  contaminant 
production  in  pulse-mode  rocket  engines. 
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Since  I l.)  7  0  the  A 1"  R  P I .  Ins  siipportn!  tin-  extension  of  the  ]  j  i*  o  *_■  r  ;i  1 1 1 
to  mode]  contaminant  production  in  liquid  bip  rope  I  lanl  rocket  enuines. 

The  T  C  C .  program  differs  from  any  earlier  combust  ion  chamber 
analysis  by  havinp  a  ere, iter  scope  and  generality.  I’lie  analysis  altempls 
to  model  all  of  tlie  relevant  system  processes  starting  with  line  propellant 
in  the  tank  and  followinp  it  until  it  eventually  passes  through  the  throat.  As 
a  result,  the  propram  has  the  capability  to  calculate  a  wide  variety  of 
onpine  problems  without  the  introduction  of  any  special  assumptions  for 
particular  cases.  To  obtain  information  on  ehuppinc  instability,  vacuum 
hyperbolic  starts,  or  pulse-mode  perform.ince,  iL  is  only  m-cess.iry  to 
specify  low  tank  pressures,  low  ambient  pressure,  or  short  valve  durations. 
It  is  just,  as  simple  to  obtain  steady  state  combustion  efficient's'  by  specifying 
a  stable  operating  point. 

This  propram  is  presentlv  capable  of  i  alciilat  inc  all  the  sequential 
events  in  a  nine-pulse  series  of  vacuum  hype  ryol  ical  I  y  ipniled  lirincs.  This 
is  clone  in  one  continuous  c  a  leu  I  at  i  on,  with  the  buildup  of  wall  materia!  and 
the  extent  of  injector  dribbling  beinp  carried  over  continuously  from  one 
pulse  to  the  next. 

The  transient  combustion  chamber  propr.tm  resembles  earlier  transient 
systems  analysis  proprams  in  that  the  time-va  ryinv  flows  throuy.h  the  lines 
and  valves,  the  injector  priminp,  accumulation  of  vapors  or  ms  in  the 
chamber,  and  efflux  Ihrouph  the  nozzle  are  solved  through  digital  inleuration. 
In  contrast  with  previous  systems  analyses,  the  lomhuslion  process  has 
been  calculated  usinp  the  droplet  approach.  To  adequately  model  wall 
deposition,  two-dimenlional  droplet  trajectories  a  re  cal  ed  ated.  1'lie 
primary  atomization  calculations  five  rlroplels  which  are  time  \-.iryinp  in 
initial  diameter,  initial  velocity  vector  aril  point  of  primarv  breakup. 

Vacuum  -  ll  as  h  i  nu  atomi/ation  is  calculated  nstead  of  i  mpi  nvi  nu -stream 
atomization  when  the  conditions  warrant  it.  The  "Klystron  effect'1  is 
modeled  usinp  the  normal  droplet  trajectory  calculations.  The  times  of 
ipnition  and  extinunislimenl  are  calculated  usniv  ulohal  vapor  phase  kinetics 
and  <i  quenchine  distance  c  or  r  el  a  t  i  on.  I  he  ,  omlmstion  rates  of  the  droplets, 
the  combustion  rate  of  (he  ie..itori.d  on  tie  .ills,  the  droplet  .u •  rod vii.m ii < 
drap,  and  viscous  axial  llow  of  tie-  nvit'-ri.i!  on  the  wall  are  .ill  calculated 
usinp  empirical  correlations  with  tie-  appropriate  liiue-va  rviiui  local 
Reynolds  number.  Ihe  stoii  hion  ;et  r  v-d-'pendent  properties  for  equilibrium 
combustion  product  pases  or  for  un  rc.icted  propellant  vapors  a  in-  user]  at 
the  appropriate  times.  After  culo'l,  the  "d  r  i  hhl  in  v"  ol  the  injector  is  simu¬ 
lated  bv  i  ne  r  t  ia  1  -  r  es  is  ti  ve  flow  throe.L'h  lie-  in  ot  ter  orifices,  driven  I  >  v  the 


difference  between  vapor  pressure  and  chamber  pressure.  Between  pulses, 
the  material  on  the  walls  s imultaneously  und e rgoes  vacuum  evaporation  and 
heat  transfer  from  the  chamber  wall. 

The  present  program,  however,  is  still  incomplete,  in  that  there  are 
some  important  processes  which  are  not  yet  represented,  i.  e.  ,  axial  and 
radial  variation  in  gas  stoichiometry,  secondary  atomization  of  droplets, 
wave  formation  and  stripping  of  liquid  from  the  wetted  wall,  pressure  waves 
in  the  propellant  feed  systems,  heat  transfer  to  and  through  the  walls,  etc. 

It  is  also  obvious  that  the  present  experimental  correlations  for  stream 
breakup  distance  and  primary  atomization  droplet  size  which  were  all 
obtained  with  large  orifice  sizes,  are  not  sufficiently  accurate  to  form  a 
good  basis  for  design  or  prediction  when  extrapolated  to  the  very  small 
injection  orifice  sizes  found  in  pulse-mode  engines.  The  complexities  of 
very  reactive  impingement  or  stream  blow-apart  have  not  been  modelled. 

No  attempt  has  been  made  to  model  either  gas -phase  or  mixed-phase 
detonations  in  the  combustion  chamber. 

Although  the  current  program  lias  not  yet  been  developed  to  its  ultimate 
limit,  it  is  already  of  great  value  in  offering  theoretical  guidance  for 
correcting  hard  starts,  improving  inefficient  operation,  avoiding  contaminant 
production,  improving  response  time,  eliminating  system  instabilities,  etc. 

A.  2  ANALYSIS 

a.  Scope 

The  transient  combustion  chamber  program  uses  numerical  integra¬ 
tion  of  the  detailed  system  processes  to  calculate  the  events  in  a  rocket 
engine  system  operating  under  unsteady  conditions.  The  system  which  is 
modeled  consists  of  a  pressure-fed  bipropellant  feed  system,  an  injector, 
a  combustion  chamber,  and  a  nozzle  (Figure  A-l). 

The  initial  flow  of  propellant  is  calculated  as  the  valves  open,  the 
fluids  accelerate  through  the  resistive-inertial  feed  lines,  and  the  injector 
primes. 

If  the  vapor  pressure  of  the  first  injected  propellant  is  sufficiently 
above  the  initial  chamber  pressure,  the  atomization  will  commence  by 
vacuum  -  flashing  of  the  stream.  If  one  stream  is  injected  before  the  other 
and  does  not  flash,  it  will  undergo  single  stream  breakup  if  there  is  sufficient 
distance  for  it  to  do  so;  alternatively,  it  will  impinge  upon  the  chamber  wall, 
where  part  of  it  will  stick  as  wall  film  and  the  rest  will  be  atomized  by  the 
wall  impact,  Later  in  the  firing,  atomization  occurs  by  the  impingement  of 
the  two  unlike  streams.  The  time-varying  initial  mean  droplet  size,  the 
droplet  size  distribution,  the  initial  droplet  velocity  vector,  initial  velocity 
distribution,  and  the  distance  traveled  before  the  breakup  process  is 
completed  — all  depend  upon  the  details  of  the  atomization  process. 
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Figure  A-1.  Rocket  System  Schematic 


The  two-dimensional  trajectories  of  the  injected  droplets  are 
followed  until  the  droplets  cither  burn  completely,  pass  through  the  no/./.le 
incompletely  burned,  or  impact  upon  the  wall. 

The  hyperbolic  vacuum  ignition  is  calculated  in  the  vapor  phase, 
based  upon  global  chemical  kinetics.  Various  locations  arc  examined  to 
determine  where  ignition  will  occur  first;  the  well-mixed  vapo'  s  in  the 
chamber,  the  most- recently  formed  vapor  mixture  from  the  flashing 
streams,  the  boundary  layer  around  the  fuel  droplets,  or  the  boundary  layer 
around  the  oxidi/.cr  droplets.  Once  ignition  occurs  anywhere,  the  entire 
chamber  contents  are  presumed  to  ignite  and  will  continue  to  burn  until  the 
criterion  for  extinguishment  is  met.  Before  ignition,  the  values  lor  the 
temperature,  molecular  weight,  and  specific  heat  of  the  chamber  gas  are 
calculated  assuming  well -mixed  but  unreacted  fuel  and  oxidi/.cr  vapors. 
After  ignition,  properties  appropriate  for  equilibrium  combustion  products 
arc  used.  After  extinguishment,  a  distinction  is  drawn  between  quenched 
combustion  gas  and  newly  formed  propellant  vapors,  so  as  to  properly 
calculate  reignition,  if  it  occurs. 


The  film  of  material  which  builds  up  on  the  wall  is  partially  burned 
off  by  the  heat  transfer  from  the  hot  combustion  gases  flowing  past  it  and 
undergoes  viscous  flow  under  the  influence  of  the  shear  forces  from  the 
combustion  gas. 

The  axial  variation  in  thickness  of  the  wall -deposited  material  is 
approximated  by  dividing  the  chamber  wall  into  one  hundred  discrete  axial 
slices.  The  deposition,  flow,  burnoff,  and  vacuum  evaporation  from  each 
slice  is  treated  separately,  so  as  to  give  an  approximate  wall  thickness 
profile  and  to  correctly  reflect  the  influence  of  unevenly  distributed  propel¬ 
lant.  If  the  amount  and  rate  of  flow  of  the  material  on  the  wall  are  suffi¬ 
ciently  high,  some  of  the  wall  film  material  will  be  carried  through  the 
throat  and  ejected. 

After  the  valves  have  closed,  the  pressure  in  the  chamber  decays, 
most  of  the  droplets  leave  the  chamber,  and  the  combustion  in  the  chamber 
is  extinguished  if  the  calculated  quenching  distance  exceeds  the  chamber 
diameter. 


If  tlie  chamber  pressure  falls  below  the  vapor  pressure  of  the  pro¬ 
pellant  in  the  injector  dribble  volumes,  this  material  will  flow  out  of  the 
injector.  The  same  technique  is  used  to  compute  flow  rate,  atomization, 
and  droplet  trajectory  as  was  used  during  the  rest  of  the  firing,  with  the 
exception  that  injector  vapor  pressure  is  now  used  instead  of  tank  pressure 
to  produce  flow,  and  the  flow  impedances  of  the  injector  orifices  are  used 
instead  of  the  whole  system  flow  impedances.  This  dribbled  material  will 
burn,  be  expelled  through  the  throat  unburned,  or  be  deposited  upon  the 
chamber  walls,  depending  upon  the  injector  and  chamber  conditions. 

When  the  chamber  pressure  falls  below  the  vapor  pressure  of  the 
material  on  the  walls,  it  will  start  to  evaporate,  absorbing  heat  from  the 
chamber  walls  (presently  assumed  to  be  isothermal). 

At  any  time,  the  propellant  valves  may  be  reopened  to  initiate  a 
second  pulse  of  firing.  The  propellant  dribbled  from  the  injector  following 
the  firs'  prdse  will  constitute  the  injector  void  volume  which  must  be  filled 
to  prime  the  injector  for  the  second  pulse;  the  propellant  buildup  on  the 
walls  will  continue  from  the  values  attained  during  the  vacuum  evaporation 
following  the  first  pulse,  etc.  Up  to  nine  sequential  pulses  of  varied  interval, 
pulse  width,  and  propellant  lead  may  be  made  in  a  single,  continuous 
c  alculation. 

The  information  obtained  from  the  calculation  includes  a  chamber 
pressure  history,  flow  rate  histories,  the  thrust  history,  and  plots  of  some 
fifty  other  variables  which  could  be  of  value  in  interpreting  operational 
problems  or  motor  performance.  The  specific  impulse,  C-Star,  total 
impulse,  pressure-time  integral,  and  eventual  disposition  of  all  the  propel¬ 
lant  that  flowed  from  the  tanks  is  given  to  define  the  engine  performance. 
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The  amounts  and  stoichiometry  of  the  wall  film  material  that  was 
ejected  unburned  is  given,  and  the  amounts,  stoichiometry,  mean  axial 
velocity,  mean  droplet  size,  and  droplet  size  distribution  of  the  droplets 
that  were  ejected  unburned  is  given  to  define  the  contamination-production 
characteristics  of  the  engine. 

Details  of  the  ignition,  start,  and  cutoff  transients  are  given,  as 
well  as  any  low-frequency  combustion  instability  which  might  occur  either 
during  the  run  or  during  the  transients. 

The  weight,  distribution,  and  stoichiometry  of  the  material  left  on 
the  wall  are  given  as  an  indication  of  possible  future  explosion  hazards. 

b.  Limitations  and  Assumptions 

The  particular  processes  which  have  been  emphasized  in  the  current 
program  have  been  dependent  upon  the  immediate  interests  or  problems  of 
the  users.  Thus  many  aspects  of  the  start  transient  and  contaminant  pro¬ 
duction  are  well  represented,  while  pressure  wave  action  in  the  propellant 
feed  lines,  heat  transfer  in  the  chamber  walls,  and  sophistication  in  the 
dynamics  of  the  combustion  gas  are  conspicuously  absent.  There  are  several 
obvious  places  where  the  precision  or  generality  of  the  present  program 
could  be  extended  if  there  was  a  sufficient  requirement  for  the  added  capabil¬ 
ity  to  justify  the  expense  of  programming  and  the  longer  computing  time 
which  goes  with  greater  sophistication. 

( 1)  F eed  System 

Compressibility  of  the  propellant  and  the  resulting  wave  action 
in  the  lines  could  be  modeled  using  the  method  of  characteristics.  The 
pressure  waves  in  the  lines  are  important  in  determining  the  response  of 
attitude  control  engines  which  have  very  fast  valves  and  extended  lines.  The 
two -phase  flow  in  the  injector  may  be  important  during  injector  priming  and 
during  postrun  dribbling  under  vacuum  ambient  conditions.  Neither  wave 
action  nor  two-phase  flow  is  modeled  at  present. 

(2)  Chamber  Gas  Dynamics 

The  gas  flow  in  the  chamber  is  presently  assumed  to  be  purely 
in  the  axial  direction,  even  where  this  is  not  reasonable,  as  in  the  converging 
portion  of  the  nozzle.  The  gas  flow  could  easily  be  computed  to  follow  a  path 
at  a  fixed  fraction  of  the  local  chamber  radius.  This  would  yield  a  more 
nearly  correct  value  for  the  number  of  small  droplets  impinging  upon  the 
chamber  wall  in  the  vicinity  of  the  converging  portion  of  the  nozzle.  This 
modification  is  already  complete  in  an  advanced  version  of  the  program. 

The  axial  and  transverse  variation  in  gas  stoichiometry  could 
be  modeled  to  replace  the  current  assumption  of  well -mixed  gas.  This 
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could  be  done  by  following  discrete  "slugs"  of  chamber  gas  along 
streamtubes  and  summing  the  additions  of  fuel  and  oxidant  vapor  from  the 
passage  of  the  "slug"  of  gas  through  the  droplet  array.  Doing  this  would 
permit  calculation  of  performance  losses  due  to  composition  striations  and 
would  also  permit  calculation  of  system  instabilities  of  the  entropy  wave 
variety. 


At  present  the  combustion  chamber  gas  state  is  imperfectly 
modeled.  It  is  assumed  that  the  chamber  gas  pressure,  temperature,  and 
density  at  the  nozzle  throat  and  at  the  injector  end  of  the  chamber  are  equal. 
No  consideration  is  made  of  the  fall  in  gas  temperature  associated  with  the 
large  gas  expansions  at  cutoff  or  during  chugging.  To  model  the  expansion 
or  compression  of  hot  thermochemically  equilibrated  gas  with  concurrent 
arbitrary  additions  of  fuel  or  oxidizer  will  probably  require  that  equilibrium 
thermochemistry  calculations  be  performed  at  each  time  step.  There  are 
current  thermochemistry  programs  which  possess  sufficient  speed  and 
realiability  to  make  this  feasible,  but  it  is  not  warranted  for  the  present 
uses  of  the  program. 

(3)  Droplet  Evaporation 

There  are  two  conflicting  assumptions  which  are  commonly 
made  regarding  droplet  evaporation  rate.  The  droplet  calculations  of 
Priem  et  al,  assume  temperature  equilibration  between  the  surface  and 
interior  of  the  droplet.  The  evaporation  and  heat-transfer  equations  are 
linked  together  through  the  time-varying  temperature  of  the  liquid  droplet 
interior,  and  thus  the  warmup  transient  of  the  droplet  is  described. 

The  other  conflicting  assumption  which  is  commonly  used  is 
that  heat  from  the  droplet  surface  does  not  penetrate  into  the  interior  of  the 
droplet,  and  that  evaporation  from  the  surface  proceeds  at  a  rate  propor¬ 
tional  to  the  instantaneous  heat  transfer  into  the  surface.  This  assumption 
was  used  in  the  droplet  calculations  of  Lambiris  et  al.  To  physically 
justify  the  first  assumption,  there  must  be  considerable  internal  circulation 
of  the  droplet,  since  conduction  alone  is  insufficient  to  heat  the  interior  of 
the  droplet  appreciably.  Droplet  circulation,  in  turn,  depends  upon  exceed¬ 
ing  a  threshold  value  for  droplet  surface  stress  sufficient  to  develop  new 
liquid  surface  while  working  against  the  effects  of  surface  tension  hysteresis. 
Thus,  circulation  is  probably  present  in  large  droplets  with  large  relative 
velocity  and  absent  in  small  droplets  with  small  relative  velocity.  The 
present  program  treats  all  droplets  as  noncirculating  instead  of  properly 
treating  droplet  circulation  as  a  time-varying  function  for  each  droplet. 

Since  the  combustion  efficiency  of  an  engine  depends  markedly  upon  the 
evaporation  of  the  large  droplets,  an  extension  of  the  program  to  handle 
circulating  droplets  would  be  advantageous. 

When  the  temperature  of  the  liquid  droplet  is  such  that  the 
vapor  pressure  of  the  liquid  is  below  the  total  pressure  of  the  chamber,  then 
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it  is  correct  to  use  the  equations  for  molecular  diffusion  to  calculate  the 
evaporation  rate  of  the  droplet.  When  the  vapor  pressure  of  the  droplet  is 
above  the  total  pressure  of  the  chamber,  as  would  be  the  case  when  warm 
propellant  is  injected  into  an  initially  evacuated  chamber  or  when  large 
heated  droplets  remain  in  the  chamber  during  the  cutoff  transient  or  during 
the  pressure -decay  phase  of  a  cycle  of  low-frequency  combustion  instability, 
then  it  is  appropriate  to  use  the  Langmuir-Knudsen  evaporation  Law.  The 
program  at  present  does  not  provide  for  Langmuir-Knudsen  evaporation  from 
the  propellant  droplets,  but  adding  this  capability  would  give  a  more  accurate 
description  of  the  vacuum  hypergolic  ignition  process,  the  cutoff  transient, 
and  low-frequency  combustion  instability. 

The  present  program  treats  droplet  trajectories  as  being  only 
two-dimensional  (axisymmetric).  This  means  that  the  lateral  spreading  of 
the  propellant  fans  is  not  modeled.  Instead,  all  the  propellant  droplets  are 
regarded  as  being  initially  directed  down  the  centerline  of  the  fan.  This 
leads  to  predictions  of  wall  deposition  more  localized  than  would  be  the  case 
with  a  correct  description  of  the  fan.  Changing  the  droplet  trajectories  to 
be  fully  three-dimensional  would  require  only  minor  program  changes  but 
would  give  more  precise  results,  at  the  expense  of  longer  computing  lime. 

It  is  well  known  that  when  droplets  are  subjected  to  sufficiently 
high  relative  gas  velocities,  they  undergo  secondary  atomization,  and  that 
this  can  have  an  important  effect  in  increasing  the  combustion  efficiency  of 
the  chamber.  This  phenomenon  is  not  presently  modeled,  but  it  should  be 
considered  if  it  ever  became  desirable  to  better  approximate  the  actual 
delivered  impulse  of  the  engine. 

(4)  Wall  Effects 

When  droplets  of  propellant  are  impinged  upon  the  chamber 
wall,  a  layer  of  liquid  is  built  up  which  is  then  subjected  to  axial  flow,  to 
burnoff  by  heat  transferred  from  the  combustion  gas,  and  to  vacuum  evapo¬ 
ration  by  heat  transfer  from  the  wall.  All  of  these  processes  are  over¬ 
simplified  in  the  present  program. 

Propellant  deposited  on  the  wall  is  presumed  to  lose  its  axial 
velocity  upon  impact,  but  the  loss  of  axial  momentum  of  the  droplets,  which 
should  produce  an  axial  force  on  the  wall  film,  is  at  present  not  accounted 
for.  The  wall  film  is  treated  as  being  in  steady  motion,  following  Poiselle's 
Law.  This  is  an  adequate  approximation  for  very  thin  layers;  however,  there 
are  situations  where  thick  layers  are  formed  and  where  inertial  effects 
become  important.  In  this  case,  each  axial  element  of  liquid  must  be 
treated  with  an  unsteady  analysis  which  conserves  axial  momentum.  A  mod¬ 
ification  to  do  this  is  already  complete  on  an  advanced  version  of  the 
program. 


153 


When  gas  moves  rapidly  over  (he  surface  of  a  sufficiently  thick 
layer  of  fluid,  ripples  are  formed  due  to  Rayleigh  instability  (i.  e.  ,  the 
diminution  of  sialic  pressure  where  the  peaks  are  highest).  This  can  affect 
the  drag  and  heat  transfer  rate.  If  sufficient  ripple  amplitudes  are  reached 
they  can  lead  to  stripping  of  the  crests,  i.  e.  ,  secondary  atomization  from 
the  liquid  wall  film.  These  phenomena  could  be  modeled  if  they  prove  to  be 
important. 

The  heat  transfer  to  the  nomvetted  portions  of  the  chamber 
walls  is  not  presently  calculated.  This  is  a  very  interesting  possibility, 
since  the  axial  gas  velocity  profile,  temperature,  density,  heat  capacity, 
Reynolds  number,  and  even  heat  transfer  coefficients  are  already  calculated 
for  other  uses.  A  simple  two-dimensional  mesh  for  unsteady  heat  transfer 
lcU'3  I  Hi-  HuuniWr  Wulln  w:-ul  rl  permit  rdhe  •  ^upliiat  iraled  e*  aim  1 3  r  inn*  tc  In 
made,  such  as  internal  -  regenerative  cooling,  and  the  effects  of  thermal 
soakback  on  the  evaporation  of  deposited  propellant  and  on  subsequent 
liyiu'rg  jlic  wfilirFi  TUrmil  hiiruriri  fur  I i  li^g*  coulil  Ue 

calculated,  including  effects  of  quenching  from  propellant  leads,  from 
injector  dribbling,  etc. 

The  thermochemical  effects  of  the  bipropellant  impingement 
-•«  the  wail  Could  Ij€  treated  in  greater  detail.  .  t  pretti  l,  the  uittcOBlty  vl 
the  wall  layer  is  specified  in  the  program  input  as  a  function  of  stoichi¬ 
ometry.  The  least  volatile  wall  film  constituent  is  hydrazinium  nitrate, 
uliirh  is  £riTn*  rVIy  i  uirr1  mhfPdl  with  fjdm  and  tc  fufm  a  tulntiun 

The  heat  of  neutralization  which  is  evolved  when  hydrazinium  nitrate  is 
formed  is  well  known,  and  the  associated  adiabatic  temperature  rise  for  the 
newly  formed  mixture  can  be  calculated.  This  temperature  rise,  along  with 
dilution  effects  are  used  ai  estimate  the  viscosity  values  currently  used  as 
program  input.  Since  heat  losses  to  the  wall,  or  cooling  by  evaporation  of 
excess  fuel,  would  change  the  temperature  and  composition  of  the  wall  film, 
these  viscosity  effects  should  be  modeled  in  a  time -dependent  way. 

During  the  vacuum  evaporation  of  the  wall  material,  the 
evaporation  is  treated  as  though  the  propel! ants  were  two  immiscible  phases. 
This  1*  Ait  -dtqUiCe  apprcwijviiiiiu-ft  for  s n*. *1-1  ta-y metric  tsngir.ts  having  s 
single  injection  element,  or  for  the  case  where  pure  fuel  or  oxidizer  is 
deposited  on  the  wall  unmixed  during  a  propellant  lead.  For  situations  in 
which  the  propellants  are  actually  mixed  and  reacted,  it  would  be  preferable 
to  calculate  vapor  pressures  based  upon  a  physical  system  containing 
hydrazinium  nitrate  and  the  excess  propellant,  whose  vapor  pressure  is 
appropriately  depressed  by  solution  effects. 

(5)  Experimental  Uncertainties 

In  addition  to  the  computational  limitations  of  the  program, 
there  are  some  important  processes  and  physical  properties  which  are  inade 
quately  known. 
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The  droplet  sizes  resulting  from  primary  atomization  of 
reactive  unlike  streams  have  never  been  investigated.  There  have  been  no 
experimental  determinations  of  droplet  size  for  the  small  orifice  sizes  and 
extremes  of  momentum  imbalance  which  can  be  found  in  pulse-mode  engines. 
Comparison  of  calculated  and  experimental  firings  of  small  engines  indicates 
that  the  actual  droplet  sizes  must  be  smaller  than  the  value  predicted  using 
the  current  correlations,  that  a  different  drop  size  distribution  must  be 
used,  or  that  the  fuel  burning  rate  is  in  error.  This  uncertainty  as  to 
correct  droplet  size  is  one  of  the  greatest  restrictions  on  the  present  use  of 
the  program.  Very  little  is  known  about  the  droplet  sizes  produced  when 
either  an  unatomized  stream  or  large  droplets  impact  upon  the  wall. 

The  breakup  distances  for  impinging-st  ream  and  s ingl e -  si  ream 
atomization  have  been  determined  for  only  a  very  limited  range  of  liquid 
velocities,  gas  densities,  and  orifice  diameters.  Further  investigations  are 
badly  needed  for  smaller  orifice  diameters.  Along  with  the  inadequate  knowl¬ 
edge  of  droplet  sizes,  this  is  one  of  the  most  severe  restrictions  on  the 
utility  of  the  program. 

Very  little  is  known  about  the  impingement  of  droplets  against 
the  chamber  wall.  The  fraction  of  impinging  droplets  which  will  stick  to 
either  a  cold  chamber  wall  or  to  a  hot  chamber  wall  is  not  known. 

The  effects  of  droplet  size  or  velocity  of  approach  is  not  known. 
The  velocity  of  rebound  from  the  wall  and  the  amount  of  heal  transfer  between 
a  bouncing  droplet  and  a  hot  wall  are  unknown. 

The  physical  properties  of  the  hydrazinium  nitrates  and  their 
solutions  are  completely  unknown.  Accommodation  coefficients  for  the 
hydrazines,  for  nitrogen  tetroxide,  and  for  the  hydrazinium  nitrates  are 
unknown,  but  because  of  the  highly  polar,  highly  associated  nature  of  the 
molecules,  they  are  certainly  very  far  from  unity. 

c.  Modeling  of  System  Processes 
(1)  Feed  System 

The  feed  systems  are  approximated  with  single  lumped 
parameters  representing  the  inertial  and  resistive  aspects  of  the  feed 
systems: 


dq 

dt 
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where 


q  volumetric  flow  rate  through  the  line 


P[  tank  pressure 

Pc  chamber  pressure 

R  a  coefficient  representing  the  steady- flow 

pressure  drop  through  the  feed  system 


SL/ A  -  the  summation  of  segment  length  divided  by  cross- 
sectional  area  for  the  series  of  segments  which 
make  up  the  feed  system 


Opening  and  closing  of  the  valves  are  modeled  by  varying 
the  value  of  R  as  a  function  of  time.  Flow  reversals  or  initial  start 
conditions  which  result  in  partially  or  fully  gas -filled  feed  lines  are  simu¬ 
lated  by  varying  both  R  and  IL/A  as  functions  of  time,  so  as  to  delete  the 
resistive  and  inertial  contribution  of  component's  which  are  not  liquid 
filled  at  any  particular  instant.  Equation  A- 1  does  not  model  the  compress¬ 
ibility  of  the  propellant  or  the  pressure  waves  in  the  lines.  For  cases  in 
which  wave  action  is  important,  a  method  of  characteristics  solution  for 
a  distributed  parameter  resistive-inertial-compressible  feed  system 
would  be  more  accurate;  however,  the  present  approximation  is  quite 
adequate  to  model  flow  events  which  take  longer  than  five  or  six  acoustic 
periods  of  the  feed  system  (see  Reference  A-32), 


After  the  valves  close  at  the  end  of  a  firing,  the  chamber 
pressure  decays,  approaching  the  external  pressure.  When  the  chamber 
pressure  falls  below  the  vapor  pressure  of  either  propellant,  it  will  start 
to  flow  from  the  dribble  volume  (the  liquid -filled  volume  between  the  valve 
and  the  injector  face),  The  flow  rate  out  of  the  dribble  volume  is  calculated 
using  Equation  A-l,  but  with  R  and  SL/A  now  restricted  to  the  injector 
orifice  values  and  with  P(  replaced  with  the  propellant  vapor  pressure 
evaluated  at  the  injector  temperature.  As  soon  as  the  dribble  volume  is 
emptied,  the  dribble  flow  rate  is  set  to  zero. 


There  are  two  optional  assumptions  which  may  be  used  to 
describe  the  injector  priming  process  (Figure  A-2).  If  a  ring-type  injector 
is  being  filled  in  a  vacuum  environment,  some  of  the  orifices  will  be  wetted 
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DRIBBLE  ANYTIME  THERE  INJECTOR  DRIES  UP  COMPLETELY 

IS  LIQUID  IN  THE  INJECTOR 
AND  VAPOR  PRESSURE  IS 
ABOVE  CHAMBER  PRESSURE 


even  before  Hie  ring  volume  is  filled,  and  flow  will  lie  expected  through 
these  wetted  orifices  under  the  influence  of  t lie  propellant  vapor  pressure. 
The  initial  dribble  option  is  for  this  situation,  and  the  initial  dribble 
flowrate  is  calculated  the  same  as  a  postfiring  dribble.  The  flow  from  the 
propellant  tank  into  the  dribble  volume  is  calculated  according  lo 
Equation  A- 1  but  with  R  and  EL/A  restricted  to  the  values  for  the  upstream 
hardware  and  with  Pc  replaced  with  the  vapor  pressure  evaluated  at  the 
injector  temperature.  As  soon  as  the  injector  is  primed,  the  flow  follows 
Equation  A-  1  as  written. 

The  other  injector  priming  option  which  may  be  used  is 
appropriate  for  a  smooth  unbranched  injector  passage  which  would  be 
expected  to  fill  progressively  from  the  valve  out  to  the  injector  orifices 
without  any  dribbling  of  propellant  before  the  passages  are  completely 
filled. 


If  high- amplitude  combustion  instability  or  high- amplitude 
pressure  spikes  temporarily  reverse  the  flow  in  the  propellant  feed  lines, 
the  reverse  flow  is  time  -  int  eg  r  at  ed  to  give  the  time-varying  gas  volume 
behind  the  injector.  So  long  as  there  is  gas  behind  the  injector,  the 
injection  rate  is  set  equal  to  zero,  and  the  inertial  and  resistive  contribu¬ 
tions  of  the  injector  orifices  are  deleted  from  Equation  A-l. 

The  static  pressure  in  the  throat  of  the  cavitating  venturi  is 
monitored,  and  if  it  fails  below  the  vapor  pressure  of  the  propellant, 
Equation  A-l  is  evaluated  for  the  impedance  of  the  upstream  hardware  only, 
with  the  venturi  throat  pressure  set  to  t lie  vapor  pressure. 

The  heating  of  the  portions  of  propellant  held  in  the  dribble 
volumes  by  thermal  soakback  has  been  modeled.  The  propellant  injection 
temperature  is  taken  as  the  prescribed  injector  temperature  until  an  amount 
has  flowed  from  the  tank  equal  to  the  dribble  volume.  Following  this  the 
injection  temperature  varies  linearly  with  flowed  volume  from  the  injector 
temperature  to  the  tank  temperature,  where  it  remains  for  the  remainder 
of  the  firing.  (Figure  A-3).  The  density,  viscosity,  surface  tension, 
vapor  pressure,  and  liquid  enthalpy  arc  evaluated  at  the  injection  temper¬ 
ature,  and  are  important  in  determining  the  dribble  flowrates,  the  onset 
and  extent  of  stream  flashing,  the  flashing  or  impinging  stream  atomization 
droplet  size,  and  the  ignition  delay  time.  The  propellant  in  the  injector 
is  presumed  to  warm  up  to  injector  temperature  whenever  the  valves  are 
closed,  so  repeated  firings  will  all  start  with  propellant  initially  at 
injector  temperature. 
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INJECTOR  TEMP 
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CUMULATIVE  VOLUME  OF  FLOW  FROM  TANK 


There  are  se\eral  complex  modes  that  fLow  from  the  injector 
could  take  which  have  not  been  programmed  in  the  current  model.  The 
propellant  in  the  dribble  volume  could  boil  in  a  vacuum  environment, 
with  the  well -mixed  foam  flowing  through  the  orifice.  Chugging  or  popping 
during  the  dribble  periods  could  force  noncondensible  combustion  gases 
into  the  dribble  volumes  to  form  foam  at  a  pressure  higher  than  the  vapor 
pressure.  If  these  modes  of  fLow  were  found  to  be  important  they  could  be 
modeled. 


(2)  Physical  Properties 

The  densities  of  the  liquid  propelLants  are  obtained  from  a 
mathematical  approximation  to  a  general  correlation  of  reduced  density 
versus  reduced  temperature  along  the  saturation  line  (Reference  A- 33).  The 
critical  density  is  obtained  from  the  propellant  density  given  at  a  reference 
tempe  rature. 


The  viscosity  is  approximated  from  a  mathematical 
approximation  to  a  generalized  correlation  of  reduced  viscosity  versus 
reduced  temperature.  The  critical  viscosity  is  obtained  from  the  propellant 
viscosity  given  at  a  reference  temperature. 


The  surface  tension  is  approximated  using  the  parachor  and 
a  mathematical  approximation  to  a  generalized  correlation  of  reduced 
density  difference  (Liquid  density- vapor  density)  versus  reduced  temperature 
along  the  saturation  line.  The  parachor  is  a  parameter  which  is  closely 
related  to  the  critical  properties  of  a  fluid.  It  is  defined  as  the  molecular 
weight  multiplied  by  the  surface  tension  raised  to  the  one-quarter  power 
and  divided  by  the  difference  between  Liquid  density  and  vapor  density. 

The  parachor  may  be  regarded  as  a  measurement  of  the  molar  volume  of 
the  Liquid  at  a  standard  value  for  surface  tension.  For  most  materials 
it  varies  by  no  more  than  a  few  percent  over  the  entire  liquid  range. 

The  parachor  for  each  propellant  constituent  is  calculated  from  the 
propellant  surface  tension  given  at  a  reference  temperature,  and  is 
used  to  calculate  surface  tension  at  other  temperatures. 


The  vapor  pressures  of  the  propellants  are  obtained  from  the 
equation  of  Calingae  rt  and  Davis  (Reference  A-34): 


in  P 


B 


—FT 


(A-2) 


where  A  and  B  arc  evaluated  for  the  fuel  and  oxidizer  using  the  pressures 
and  temperatures  corresponding  to  the  normal  boiling  point  and  the  critical 
point. 
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Because  of  the  scarcity  of  thermodynamic  data  for  many  pro¬ 
pellants,  the  specific  heats  of  vapor,  liquid,  and  the  solid  form  of  each 
propellant  are  assumed  to  be  constants  which  are  neither  temperature-  nor 
pres  sure -dependent.  When  these  values  are  supplemented  by  the  melting 
point,  heat  of  fusion,  normal  boiling  point,  latent  heat  of  vaporization  at  the 
boiling  point,  and  critical  temperature,  the  straight-line  relationship  of 
FigureA-4  is  obtained.  This  relationship  is  used  to  approximate  the  enthalpy 
of  the  vapor  or  condensed  phases  as  a  function  of  temperature. 

(3)  Atomization 

The  atomization  process  is  calculated  for  one  of  several  modes, 
depending  upon  the  chamber  pressure,  the  propellant  injection  temperature, 
and  the  propellant  injection  rates.  If  the  chamber  pressure  is  sufficiently 
below  the  vapor  pressure  of  the  propellant  at  its  injection  temperature,  the 
stream  is  presumed  to  flash  atomize.  If  streams  of  both  propellants  are 
being  injected  and  are  not  flashing,  then  impinging  stream  atomization  is 
calculated.  If  only  one  stream  is  being  injected,  and  it  does  not  flash,  the 
stream  breaks  up  in  a  single- stream  mode  unless  it  hits  the  wall  first,  in 
which  case  it  is  calculated  to  break  up  by  wall  impact.  If  both  streams  are 
being  injected,  and  only  one  of  them  flashes,  the  other  stream  is  presumed 
to  be  unaffected  by  passing  through  the  spray  of  small  flashed  droplets  and 
behaves  as  though  the  other  stream  were  absent. 
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Figure  A-4.  Approximate  Enthalpy  of  Monomethyl  Hydrazine 
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(a)  Flash  Atomization  Threshold 


Bushnell  and  Gooderum  (Reference  A- 35)  investigated  the 
flashing  of  streams  of  water  over  a  range  of  subatmospheric  pressures,  and 
found  that  the  ratio  of  stream  temperature  to  saturation  temperature  was 
almost  a  constant  at  the  onset  of  flashing  (with  temperature  measured  on  an 
absolute  scale).  Brown  (Reference  A-36)  investigated  the  flashing  of  streams 
of  superheated  water  at  atmospheric  pressure,  varying  temperature,  orifice 
diameter,  and  stream  velocity,  and  found  that  the  temperature  at  the  onset 
of  flashing  was  a  function  of  the  stream  Weber  number.  If  these  findings 
may  be  combined,  the  supersaturation  temperature  ratio  at  the  onset  of 
flashing  may  be  represented  as  a  function  of  stream  Weber  number.  The 
following  correlation  is  taken  from  the  experimental  data  of  Brown,  but  does 
not  disagree  with  the  data  of  Bushnell  and  Gooderum. 
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There  is  a  discontinuity  in  the  function  at  a  Weber  number  of  12,  5  corre¬ 
sponding  to  some  unknown  change  in  the  mechanism.  The  super  saturation 
temperature  ratio  is  known  to  depend  upon  the  surface  roughness  of  the 
orifice;  however,  this  effect  has  not  been  modeled  in  the  TCC  Computer 
Program,  and  the  above  relationship  is  for  ordinary  drilled  holes. 
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(b)  Flash  Atomization  Droplet  Size 

Brown  has  investigated  the  mean  droplet  diameter  and 
droplet  size  distribution  obtained  when  superheated  water  is  flash- atomized 
at  atmospheric  pressure.  The  experimental  data  obtained  for  flow  through 
ordinary  drilled  holes  shows  that  the  mean  drop  size  depends  strongly  upon 
nozzle  pressure  drop  (stream  velocity)  and  the  degree  of  superheat  of  the 
liquid,  but  not  upon  the  nozzle  orifice  diameter.  The  correlation  for  his 
data  is: 
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where 


=  Saute r  mean  diameter  in  centimeters 

V  =  stream  velocity  in  cm/sec,  based  upon  the  orifice  pressure 
drop  and  the  upstream  liquid  density 

T  =  temperature  measured  on  an  absolute  temperature  scale. 

Gooderum  and  Bushnell  (Reference  A-37)  flashed  water 
through  drilled  holes  into  a  vacuum  (~2  mm  Hg)  under  otherwise  comparable 
conditions  and  found  mean  droplet  diameter  was  proportional  to  orifice 
diameter,  did  not  depend  upon  stream  velocity,  but  did  depend  upon  the 
temperature  of  the  stream.  Their  data  can  be  correlated: 


In 


6.  4  -  0.  0244  T 


(A-5) 


where 


D32  =  Sauter  mean  diameter 

D  =  orifice  diameter 
o 

T  -  stream  temperature  in  degrees  K 
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The  large  disagreement  between  the  two  relationships  is 
probably  due  to  the  large  differences  in  Weber  number.  Until  the  relation¬ 
ships  are  better  understood,  we  will  take  40  microns  as  a  typical  mean 
droplet  diameter  for  the  flash  atomization  of  water,  with  reasonable  values 
for  orif  ice  diameter,  stream  velocity,  and  degree  of  superheat.  Brown 
described  the  flash  atomization  process  as  resembling  the  gas  atomization 
process,  with  the  gas  being  supplied  by  the  explosive  growth  of  bubbles  in 
the  superheated  stream.  For  this  reason  we  have  applied  a  physical  proper¬ 
ties  correction  which  would  be  suitable  for  the  gas  atomization  process. 

The  equation  used  in  the  program  to  describe  flash  atomization  dropiet 
size  is: 
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where 


0^  =  median  droplet  diameter  of  propellant  P,  in  centimeters 

rr  =  surface  tension  of  propellant,  P 
(jl  =  viscosity  of  propellant,  P 
p  =  density  of  propellant,  P 


The  drop  size  distribution  obtained  by  flash  atomization  is 
much  narrower  than  that  obtained  by  impinging  stream  atomization. 

(c)  Vacuum  Vaporization  of  Propellant 

When  a  stream  of  propellant  is  injected  into  a  combustion 
chamber  having  a  total  pressure  lower  than  the  vapor  pressure  of  the  pro¬ 
pellant,  and  if  the  Weber  number  is  sufficiently  high,  then  flash  atomization 
will  take  place  from  explosive  growth  of  vapor  bubbles  at  nucleation  sites  in 
the  stream.  A  certain  amount  of  evaporation  of  propellant  will  occur  during 
the  flash  atomization  process.  Following  this,  evaporation  from  the  droplets 
will  proceed,  initially  following  the  Langmuir-Knudsen  Law.  If  the  chamber 
pressure  increases  to  a  value  above  the  vapor  pressure  of  one  or  both  of  the 
constituents,  the  evaporation  can  continue  by  molecular  diffusion.  Molecular- 
diffusion-evaporation  can  continue  until  the  droplets  have  either  equilibrated 
with  the  chamber  vapors,  are  expelled  through  the  throat,  or  impact  upon 
the  chamber  wall.  There  are  large  areas  of  uncertainty  in  this  complex 
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process.  One  unknown  is  the  amount  of  evaporation  which  takes  place  during 
the  atomization  process,  before  the  droplets  are  completely  formed.  Another 
is  the  chemical  processes  which  could  occur  on  the  surface  of  a  cold  droplet 
of  nitrogen  tetroxide  which  is  cryopumping  vapors  of  hydrazine  onto  its 
surface. 


Seamans,  Vanpee  and  Agosta  (Reference  A-2b)  have  cal¬ 
culated  the  preignition  chamber  pressure  history  for  the  injection  oi  one 
propellant  component,  based  upon  Langmuir-Knudsen  evaporation  of  droplets 
having  a  mean  diameter  of  100  microns  in  a  chamber  one-in.  long.  They 
found  that  the  droplets  had  nearly  equilibrated  by  the  end  of  a  time  period 
(1.  5  to  5.  5  msec)  corresponding  to  a  nominal  droplet  residence  time.  Since 
their  droplets  were  quite  large  for  flash-atomized  propellant,  and  since  their 
chamber  was  quite  small,  it  is  not  unreasonable  to  assume  that  phase  equi¬ 
librium  is  generally  attained,  and  to  use  this  asymptotic  value  to  describe 
the  preignition  evaporation. 

The  TCC  program  tests  each  portion  of  injected  propellant 
by  Equations  (A-3)  to  determine  whether  flashing  occurs.  If  it  does,  the 
program  calculates  the  fraction  of  the  propellant  which  will  vaporize  to  obtain 
local  phase  equilibrium  at  the  instantaneous  chamber  pressure.  The  vapor 
formed  is  added  to  the  vapors  already  in  the  chamber,  the  addition  being 
made  at  the  propellant  injection  point.  The  liquid  which  is  unvaporized  is 
assigned  droplet  properties,  and  the  droplets  arc  entered  into  the  chamber 
droplet  array.  No  further  evaporation  from  or  condensation  on  the  droplets 
is  calculated  until  they  either  impact  upon  the  wall  or  until  the  ignition  of 
the  chamber  contents  occurs. 

When  liquid  propellant  is  injected  at  a  prescribed  injection 
temperature,  the  relationships  shown  in  Figure  A-4  fix  the  injection  enthalpy. 
The  value  of  the  chamber  pressure  at  the  time  of  injection  is  used  in  Equa¬ 
tion  (A-2)  to  determine  the  equilibrium  temperature  of  the  flashing  propel¬ 
lant.  When  the  enthalpies  of  the  vapor  and  condensed-phase  propellant  are 
evaluated  at  the  equilibrium  flashing  temperature,  the  fraction  of  the  pro¬ 
pellant  which  evaporates  may  be  obtained: 


or 
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Since  internal  boiling  and  convective  heat  transfer  inside 
tlic  droplet  both  cease  after  freezing,  the  program  has  the  option  of  termin¬ 
ating  the  evaporation  process  once  the  droplets  have  frozen. 

(d)  Impinging  Stream  Atomization 

When  the  chamber  pressure  is  sufficiently  high  that  the 
injected  propellant  streams  do  not  flash,  atomization  occurs  by  cither  the 
impinging  stream  or  single  stream  mode  of  breakup.  The  expression  for 
droplet  diameter  used  in  our  program  is  based  upon  the  work  of  Ingebo  (Ref¬ 
erence  A-38),  who  examined  the  atomization  of  two  identical  streams  of 
heptane,  impinging  at  90-dcgrcc  included  angle  in  air  streams  having  veloci¬ 
ties  typical  of  rocket- engine  thrust  chambers.  Ingebo  correlated  his  data: 
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where 

D30  =  volume-number-mcan  droplet  diameter 

D.  =  injector  orifice  diameter 
J 

V\  =  injection  velocity 

AV  =  velocity  difference  between  the  injected  streams  and  the  gas  flow 
at  the  atomization  point. 


Preim  et  al.  reported  (Reference  A-5)  that  for  rocket-engine  conditions, 
where  AV  varies  with  axial  distance  from  the  injector,  that  4,  560  cm/ sec 
(150  ft/sec)  is  an  appropriate  average  value  to  use  for  AV. 

Preim  also  offers  a  correction  for  liquid  physical 

properties: 
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where 


DA  =  mean  diameter  obtained  with  fluid  A 
A 

p  =  density 

cr  =  surface  tension 

[J.  =  viscosity 


Equations  (A-9)  and  (A- 10)  are  combined,  along  with  the  above  value  for  AV, 
the  physical  properties  of  heptane  and  the  multiplier  need  to  convert  from 
volume-number-mean  diameter  to  mass  median  diameter.  This  yields  a 
more  general  expression  for  initial  median  droplet  diameter  expected  from  a 
symmetrical  self- impingi  ng  doublet  injecting  a  fluid  of  specified  properties. 
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This  expression  is  still  insufficiently  general  for  the 
analysis  of  unlike  impinging  streams  during  transients,  where  the  momenta 
of  the  two  streams  may  be  very  different,  or  where  one  stream  may  be 
missing  completely.  In  the  absence  of  experimental  data,  a  simplifying 
assumption  is  used  to  estimate  the  effects  of  relative  stream  momenta.  The 
simplifying  assumption  is  that  a  small  element  of  liquid  in  the  stream 
approaching  the  impingement  point  is  not  affected  by  the  condition  of  the 
other  stream  except  through  the  formation  of  a  quasi-stationary  planar 
stagnation  surface  which  acts  to  redirect  the  stream  into  the  initial  planar 
flow  pattern  leading  to  the  formation  of  the  fan.  This  leads  to  the  conclusion 
that  stream  velocity  is  not  the  variable  controlling  fan  formation  in  Equa¬ 
tion  A- 11,  but  rather  the  component  of  stream  velocity  relative  to  the 
resultant  direction  of  the  combined  stream.  This  leads  to  the  generalization: 
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where 
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P 


median  droplet  diameter  for  propellant  p 

orifice  diameter  of  the  injector  for  propellant  p 

velocity  of  the  jet  of  propellant  p  along  its  own  centerline 

angle  of  the  stream  of  propellant  p  relative  to  the  engine  centerline 

angle  of  the  resultant  stream  relative  to  the  engine  centerline 


The  resultant  angle  of  the  combined  fuel  plus  oxidizer  stream  is  calculated 
assuming  conservation  of  momentum  in  the  axial  and  radial  directions. 
When  a  stream  which  has  not  flashed  intersects  a  stream  which  has  flash 
atomized,  it  is  assumed  that  there  is  no  momentum  interaction;  i.  e.  ,  each 
stream  continues  in  its  original  direction  instead  of  being  redirected  to  the 
"resultant"  direction. 


If  a  single  stream  impacts  against  the  wall  before  it  has  travelled  a  sufficient 
distance  to  atomize  in  the  single  stream  mode,  then  atomization  is  presumed 
to  take  place  by  wall  impact.  Atomization  by  wall  impact  is  based  upon 
equation  A- 12,  however  the  value  used  for  relative  velocity  is  simply  the 
absolute  value  of  the  radial  velocity  of  the  stream,  I  V  which  is  substi- 
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tuted  lor  the  term  V  Sin  .0  -  0... 
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Experimental  verification  of  equation  (A- 12)  is  still  rather 
sketchy.  It  is  obviously  as  correct  as  Ingebo's  expression  for  the  special 
case  (symmetrical  90-degree  impingement  of  heptane)  from  which  it  was 
derived.  When  only  one  stream  is  being  injected,  the  stream  angle  and 
resultant  angle  are  identical,  and  the  following  special  case  is  obtained: 
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This  is  an  expression  for  single-stream  breakup  (with  a.n  assumed  value  for 
mean  gas  velocity)  and  was  compared  with  the  findings  of  Weiss  and  Worsham 
(Reference  A-39)  for  this  special  case.  The  functional  relationships  appear 
to  be  in  approximate  agreement  and  the  values  predicted  for  mean  droplet 
diameter  under  typical  rocket  conditions  were  in  adequate  agreement. 
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Since  Equation  (A-12)  should  account  for  stream  impinge¬ 
ment  angle,  it  was  compared  with  the  findings  of  Hcidmann  and  Foster  (Ref¬ 
erence  A-40),  who  measured  mean  drop  size  as  a  function  of  impingement 
angle  for  symmetrical  impinging  streams.  Again  the  predictions  were  in 
reasonable  accord  with  the  data.  The  droplet  sizes  obtained  from  the  unlike 
impingement  of  streams  of  water  and  molten  wax  have  been  reported  by 
Rocketdyne.  Unfortunately,  their  three  published  expressions  for  median 
droplet  diameter  from  an  unlike  doublet  disagree  with  each  other.  It  was 
presumed  that  the  latest  published  value  (Reference  A-41)  is  correct.  Eval¬ 
uated  at  several  points,  the  Rocketdyne  droplet  diameter  values  differed 
from  the  values  of  Equation  (A-12)  by  no  more  than  '3  percent. 

This  droplet  size  correlation  and  the  ingebo  experimental 
drop  size  distribution  have  been  adequate  to  accurately  predict  the  chugging 
frequencies  and  amplitudes  of  a  small  research  motor  and  the  start  tran¬ 
sients  of  several  motors  having  quite  different  characteristics;  however,  it 
does  not  give  correct  predictions  for  the  combustion  efficiency  of  the 
Marquardt  5-pound  R-6C  rocket  engine  which  was  used  for  the  parametric 
studies  of  this  report.  To  force  the  calculations  to  agree  with  experiment, 
it  was  necessary  to  reduce  the  computational  droplet  sizes  to  one  half  the 
values  given  by  Equation  (A-12).  We  do  not  yet  know  whether  the  problem 
of  droplet  size  prediction  is  associated  with  the  extremely  small  injection 
orifices  of  the  R-6C  engine,  with  the  very  reactive  nature  of  the  propellants, 
or  with  some  other  cause,  such  as  the  drop  size  distribution.  The 
Rocketdyne  experiments  with  unlike  doublets  show  a  significantly  narrower 
size  distribution  than  the  Ingebo  experiments  and  should  give  a  higher  com¬ 
bustion  efficiency,  but  calculations  have  not  yet  been  performed  using  the 
Rocketdyne  distribution  (Table  A-I).  It  is  also  possible  that  the  droplet  size 
prediction  is  accurate,  but  that  the  combustion  rate  of  NTO-MMH  is  higher 
in  the  rocket  engine  than  would  be  expected  from  droplet  burning  rate  experi¬ 
ments.  Further  experimental  testing  will  be  required  to  clear  up  this 
uncertainty.  (Reference  A-56,  presented  as  this  report  goes  to  press,  indi¬ 
cates  that  the  low  orifice  Reynolds  numbers  of  the  Marquardt  Engine  could 
result  in  anomalously  small  droplets.) 

(e)  Distributed  Parameters 

The  droplets  injected  into  a  real  combustion  chamber  are 
distributed  in  droplet  size,  initial  direction,  initial  speed,  in  point  of  origin 
as  newly  formed  drops,  and  possibly  in  composition,  if  the  fuel  and  oxidizer 
are  miscible  and  not  excessively  reactive.  It  is  possible  to  model  these 
distributed  parameters  by  adding  more  than  two  droplet  groups  (one  fuel, 
one  oxidizer)  to  the  droplet  array  during  each  computational  time  interval; 
however,  the  more  droplet  groups  that  are  added,  the  more  time-consuming 
the  calculations  become.  If  M  values  arc  used  to  approximate  the  distribu¬ 
tion  of  each  parameter  and  if  N  properties  are  treated  as  distributed,  then 
the  number  of  droplet  groups  per  propellant  is  M^.  If  M  and  N  were  each 
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taken  equal  to  five,  then  6,  250  droplet  groups  would  have  to  be  added  to  the 
computational  array  during  each  time  interval,  instead  of  the  ten  which  are 
presently  added.  The  storage  location  requirement  for  the  droplet  array 
would  increase  from  15,  000  to  9,  375,  000  and  the  computing  time  on  a  high¬ 
speed  computer  would  increase  from  about  two  minutes  to  about  20  hours. 
Obviously  great  restraint  must  be  exercised  in  "improving"  the  calculations 
by  this  particular  approach. 

In  the  present  computer  program,  the  initial  droplet 
diameter  is  the  only  parameter  which  is  treated  as  distributed  during 
"normal"  operation;  five  values  are  used  to  approximate  the  experimental 
size  distribution.  For  impinging  stream  atomization,  the  fifth  mass  quintile 
of  the  propellant  has  a  droplet  diameter  approximately  nine  times  that  of  the 
first  quintile.  This  distribution  is  so  wide  that  the  distribution  must  be 
modeled  if  meaningful  results  arc  to  be  obtained. 

During  the  periods  that  flash  atomization  is  occurring,  the 
droplet  size  distribution  is  much  narrower,  the  fifth  quintile  diameter  being 
only  about  twice  the  first  quintile  value  (Reference  A-36).  However,  at  this 
time  the  initial  directions  of  the  droplets  from  the  flashing  stream  are  dis¬ 
tributed  over  a  cone  having  an  apex  angle  of  about  30  degrees.  This  dis¬ 
tributed  initial  direction  must  be  modeled  in  order  to  adequately  describe 
the  thickness  profile  of  the  propellant  which  is  deposited  on  the  chamber 
wall  during  the  pre-ignition  period. 

For  these  reasons,  only  the  droplet  size  distribution  is 
modeled  for  impinging  stream  atomization,  while  only  the  initial  direction 
distribution  is  modeled  for  flash  atomization. 

(f)  Droplet  Size  Distribution  for  Impinging  Stream  Atomization 

The  droplet  size  distribution  about  the  median  value  is 
approximated  by  dividing  the  injected  mass  of  each  propellant  into  five  equal 
portions.  Each  of  these  portions  is  converted  to  a  group  of  droplets  having 
a  diameter  which  is  a  prescribed  multiple  of  the  mean  droplet  diameter.  The 
droplet  group  size  ratios  come  from  a  table  of  coefficients  chosen  to  approx¬ 
imate  the  experimental  droplet  size  distribution.  The  droplet  diameter  of 
the  nth  group  is; 


D  =  D  K  n 
n  " 


(A- 14) 


The  coefficients  used  to  represent  Ingebo's  experimental  distribution,  a 
Rocketdyne  experimental  distribution  and  a  widely  used  analytical  approxi¬ 
mation  are  given  in  Table  A-I. 


170 


Table  A-I.  DROPLET  DIAMETER  DISTRIBUTIONS 
MID-QUINTILE  DIAMETER /MEDIAN  DIAMETER 


Ingebo  Experimental 
(like  doublets) 

Log  -  Probability 
cr  =  2.  4 

Rocketdyne  Experimental 
(unlike  doublets) 

K1 

0.  198 

0.  333 

0.  60 

K2 

0.  759 

0.  645 

0.  81 

k3 

1.  00 

1.  00 

1.  00 

K4 

1.  23 

1.  55 

1.  22 

K5 

2.  30 

3.  00 

1.  55 

After  the  droplet  diameters  of  the  fuel  or  oxidizer  size 
groups  are  calculated,  the  mass  per  droplet  and  number  of  droplets  in  the 
group  can  be  computed.  The  mass  of  each  droplet  in  the  nth  group  is: 


(A-  15) 


The  number  of  droplets  in  the  nth  group  is: 
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(g)  Atomization  Distance 

The  distance  which  the  impinged  streams  travel  before  the 
atomization  is  complete  is  calculated  based  upon  investigations  performed  at 
NASA  (References  A-40  and  A-42).  The  calculations  used  in  this  study 
presume  that  the  distance  to  breakup  is  a  prescribed  number  of  orifice 
diameters  in  the  absence  of  impingement  (i.  e.  ,  when  Pp  -  p^  =  0  degrees), 
is  as  specified  in  Reference  A-42  for  impingement  when  Pp  -  (3j^  =  45  degrees, 
and  is  linearly  interpolated  with  sin  (p  -  pp_)  for  intermediate  values. 
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Lp  =  fan  length  for  complete  atomization  of  propellant  p 
L45p  =  experimental  fan  length  for  symmetrical  90°  impingement 
L0p  =  distance  for  single  stream  breakup  of  propellant  p 
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p  =  injection  angle  of  propellant  p 

(3^  =  resultant  angle  of  the  fuel  plus  oxidizer  fan 

When  p  -  Pj^  is  greater  than  45  degrees,  Lp  is  taken  equal  to  L^j-  degrees. 
When  the  injected  streams  are  flash-atomized,  the  droplets  are  presumed  to 
he  formed  immediately  at  the  injection  point. 

(h)  Pro- Atomization  Trajectory 

The  atomization  is  completed  at  an  axial  location  in  the 
chamber  equal  to  the  impingement  distance  plus  the  breakup  distance  multi¬ 
plied  by  the  cosine  of  the  resultant  angle.  This  axial  location  is  a  droplet 
group  property  called  in  the  TCC  program. 

To  approximate  the  relatively  inert  condition  of  the  pro¬ 
pellants  prior  to  breakup,  we  assume  that  there  are  no  combustion,  aero¬ 
dynamic  drag,  or  momentum  interaction  between  particles  of  injected 
propellant  in  the  interval  between  the  injection  point  and  the  point  of  droplet 
formation,  i.  e.  ,  when  <  SL.  Since  the  injection  velocity  is  time- varying, 
this  implies  propellant  bunching  in  this  region.  This  behavior  may  be 
visualized  from  a  plot  of  particle  location  versus  time  (Figure  A-5).  When 
the  first  propellant  is  injected,  it  is  moving  quite  slowly  due  to  the  restric¬ 
tion  of  the  partly  opened  valve  and  the  inertia  of  the  fluid  in  the  lines.  The 
propellant,  which  is  injected  a  few  milliseconds  later,  is  moving  much  faster 
and  overtakes  the  previously  injected  material. 
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Figure  A-5.  Preimpingement  Trajectory  of  Propellant 
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Where  the  world-lines  arc  close  together,  the  bunching  is 
most  extreme,  and  the  effects  of  velocity  modulation  produce  the  maximum 
effect  in  varying  the  arrival  rate  of  propellant.  In  many  rocket  engines,  this 
point  of  least- stable  propellant  flow  is  close  to  the  location  where  droplets 
arc  formed  and  become  available  for  combustion,  i.  c.  ,  S^.  The  injected 
propellant  moves  from  the  injection  point  to  the  impingement  point  along  the 
direction  of  injection.  After  impingement,  the  stream  moves  in  the  direction 
of  the  resultant  angle.  It  moves  in  this  new  direction  until  its  atomization  is 
complete,  after  which  its  two-dimensional  trajectory  is  determined  by  the 
aerodynamic  drag  forces  exerted  by  the  chamber  combustion  gases.  At  the 
present  time,  the  spreading  of  the  fan  is  not  modeled.  When  droplets  arc 
formed  by  flash-atomization,  they  are  presumed  to  be  formed  at  the  injection 
point,  and  they  are  presumed  to  be  immediately  subject  to  aerodynamic 
forces  and  available  for  combustion. 

(i)  Droplet  Array  Calculations 

The  feed  system  and  atomization  calculations  provide 
values  for  the  mass,  mean  droplet  diameter,  initial  velocity,  etc.  ,  for  the 
propellant  which  is  injected  into  the  combustion  chamber  at  each  time  inter¬ 
val.  The  group  of  droplets  injected  at  each  time  interval  is  described  by 
fifteen  variables,  shown  in  Table  A-II. 

Table  A-II.  DROPLET  PARAMETERS 

Mass  per  droplet 
Number  of  droplets  in  the  group 
Axial  velocity 

Radial  velocity 

Axial  position  of  the  group 
Radial  position  of  the  group 
Fraction  of  the  droplet  mass  which  is  fuel 
Droplet  liquid  density 

Burning  rate  parameter  A 
Burning  rate  parameter  B 

Axial  location  where  atomization  is  complete 
Axial  location  where  impingement  occurs 
Axial  velocity  immediately  after  impingement 

Radial  velocity  immediately  after  impingement 

Calculated  evaporation  rate  per  droplet  this  time  interval 


This  data  array  lias  Lcn  new  droplet  groups  added  to  it  each 
integrating  time  interval,  and  lias  droplet  groups  deleted  when  the  mass  of 
the  droplet  falls  to  zero,  the  axial  location  exceeds  the  chamber  length,  or 
the  radial  distance  exceeds  the  chamber  radius.  This  data  array  grows  to 
represent  the  entire  droplet  population  of  the  combustion  chamber. 

Each  droplet  group  has  the  mathematical  character  of  a 
vector  in  that  fifteen  independent  values  arc  required  for  its  description. 

The  total  droplet  population  of  the  chamber  is  then  an  array  of  droplet 
vectors  or  a  matrix.  The  droplet  population  of  the  chamber  can  usually  be 
adequately  described  using  no  more  than  1,000  droplet  groups  or  15,000  com¬ 
puter  storage  locations.  (The  number  is  determined  by  the  size  of  the 
integrating  time  interval.  )  The  combustion  chamber  calculations  consist  of 
working  on  the  array  of  droplet  groups  at  each  computational  time  interval 
to  obtain  the  succeeding  new  value  for  droplet  mass,  droplet  axial  velocity, 
droplet  radial  velocity,  droplet  axial  position,  droplet  radial  position,  and 
droplet  evaporation  rate. 

(4)  Droplet  Drag  and  Motion  Equations 


The  aerodynamic  drag,  heat  transfer,  and  diffusion  rates 
associated  with  the  droplets  depend  upon  a  number  of  dimensionless  groups 
which  characterize  the  regime  of  flow;  thus,  the  Reynolds  number,  Mach 
number,  and  Knudscn  number  must  be  considered.  The  Reynolds  number 
is  of  great  importance  to  all  of  the  transport  processes.  Drag  coefficients 
and  heat  transfer  coefficients  are  correlated  with  droplet  Reynolds  number. 
The  Mach  number  of  the  flow  about  the  droplets  is  generally  less  than  0.  1 
and  its  effects  arc  ignored.  The  Knudscn  numbers  associated  with  the 
chamber  processes  have  been  calculated  for  a  large  number  of  conditions. 
The  Knudscn  numbers  may  be  large  for  the  first  computational  time  interval, 
when  the  chamber  pressure  is  taken  equal  to  space  ambient  pressure;  how¬ 
ever,  Lhc  Knudscn  numbers  have  always  been  well  into  the  continuum  flow 
regime  as  soon  as  the  first  portion  of  cither  propellant  is  injected.  Thus, 
free  molecular  flow  effects  should  be  negligible  and  are  not  considered  in  the 
correlations  for  vaporization  rate,  aerodynamic  drag,  and  nozzle  flow. 


The  velocity  of  the  chamber  gas  relative  to  each  droplet 
group  must  be  calculated  at  each  lime  interval  in  order  to  obtain  the  droplet 
aerodynamic  drag  and  droplet  combustion  rate.  The  simplifying  assumption 
is  made  that  the  chamber  gas  moves  in  the  axial  direction  only.  Hence: 
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V\  and  Vy  are  the  axial  and  radial  components  of  the  droplet  velocity.  The 
direction  cosines  of  the  relative  wind  are  calculated: 
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The  Reynolds  number  is  calculated  for  each  droplet  group  at 
each  time  interval  based  upon  the  droplet  diameter  (obtained  from  the  drop¬ 
let  mass,  presuming  spherical  geometry)  and  the  velocity  difference  between 
the  droplet  and  the  gas. 
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If  the  Reynolds  number  is  less  than  0.  5,  Stokes-law  acceleration  is 
c  alculated: 
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If  the  Reynolds  number  is  greater  than  0.  5,  the  acceleration  is  calculated 
from  the  Newtonian  drag  law: 
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The  drag  coefficient  data  of  Rabin  (Reference  A-43)  is 
approximated  by  the  functions: 
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=  2.  0 

After  the  droplet  acceleration  has  been  calculated,  the  new 
velocity  and  location  of  the  droplet  group  are  calculated 
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X.,  ^  V  ...At  •  0.5  AC  At2 

(t)  x(t)  x 


Y(t)  •  Vy(t)  At  >0.5A  C  Y  At2  ( A  -  2  9 ) 

When  thi‘  axial  position  of  a  droplet  group  exceeds  the  length  of 
the  chamber  the  droplet  group  is  removed  from  the  array  and  its  mass  is 
added  to  the  summation  of  unburned  droplets  that  escape  from  the  chamber. 
When  the  radial  position  of  a  droplet  group  exceeds  the  radial  dimensions  of 
the  chamber  — and  certain  other  conditions  are  satisfied —the  droplet  group  is 
removed  from  the  array  and  its  mass  is  added  to  the  summation  of  propellant 
mass  which  is  coating  the  chamber  wall  at  that  particular  axial  location. 

(5)  Droplet  Evaporation  Rate  Calculations 

The  evaporation  rate  (combustion  rate)  of  a  stable  fuel  or 
oxidizer  droplet  is  determined  by  the  heat  transport  to  the  droplet  surface 
and  diffusional  mass  transport  away  from  it.  In  the  regime  encountered  in 
a  rocket  combustion  chamber,  the  vapor  effusion  from  the  droplet  has  a  very 
large  effect  on  the  heat  transport  process,  and  the  effect  of  the  forced  convec¬ 
tive  flow  about  the  droplet  is  also  of  great  importance.  An  additional, 
important  factor  in  determining  the  droplet  life  history  is  the  transport  of 
heat  from  the  surface  of  the  droolet  to  its  interior. 

(a)  Droplet  Circulation 

If  the  droplet  has  appreciable  internal  circulation,  the 
convective  transport  of  heat  to  the  interior  of  the  droplet  will  be  large,  and 
there  will  be  a  considerable  unsteady  period  when  the  droplet  is  warming 
from  its  initial  injection  temperature  to  the  final  steady  temperature  at 
which  it  evaporates.  The  unsteady  droplet  evaporation  problem  may  be 
solved  by  simultaneous  calculation  of  the  heat  and  mass  transport  about  the 
droplet  together  with  the  droplet  state  (Reference  A-44). 

If  the  droplet  lacks  internal  circulation,  then  heat  transport 
into  the  interior  of  the  droplet  is  negligible  (Reference  A-45),  and  all  the 
heat  which  reaches  the  droplet  surface  is  used  in  vaporizing  the  outermost 
layer  of  fluid.  When  this  is  the  case,  the  droplet  state  and  vapor  diffusion 
equations  need  not  be  solved. 

Acco  ding  to  Bond  and  Newton  (Reference  A-46)  as  cited  by 
Hughes  and  Gilliland  (Reference  A-47),  droplets  will  only  circulate  when  the 
surface  shear  forces  are  sufficient  to  overcome  the  surface  tension  forces. 

An  approximate  criterion  for  the  onset  of  circulation  is 
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Where  AV  is  the  diffe  rence  in  velocity  between  droplet  and  combustion  gas 
at  which  circulation  will  start.  This  threshold  is  illustrated  in  Figure  A-6. 
According  to  this  figure,  circulation  is  expected  in  large  droplets  even  at 
low  relative  velocity,  but  is  not  expected  during  most  of  the  lifetime  of  the 
smallest  droplets  found  in  a  rocket  combustion  chamber.  In  order  to  accu¬ 
rately  model  the  evaporation  of  both  large  and  small  droplets  in  a  time- 
varying  environment,  the  presence  or  absence  of  circulation  should  be 
determined  for  each  droplet  group  at  each  integration  time  interval,  with 
heat  transport  into  the  droplet  permitted  only  when  circulation  is  present. 

For  the  present  calculations,  the  simplifying  assumption 
is  made  that  there  is  no  heat  transfer  into  the  interior  of  any  of  the  droplets. 
This  permits  accurate  calculations  for  the  small  droplets  responsible  for 
much  of  rocket  transient  behavior,  at  the  expense  of  accuracy  in  modeling 
the  large  droplets  which  largely  determine  combustion  efficiency. 

(b)  Heat  Transfer  Calculations 

Heat  transfer  is  correlated  in  terms  of  a  Nusselt  number. 

For  a  sphere 

q  =  Nnu  ttK  DAT  (A-31) 

where  q  is  heat  transfer  rate  and  K  is  thermal  conductivity  of  the  vapor  film. 
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Figure  A-6.  Droplet  Circulation  Criterion 
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From  the  assumption  that  all  heat  reaching  the  surface  of 
the  droplet  goes  to  evaporate  liquid 
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Where  M  is  the  rate  of  evaporation  and  AH  is  the  sum  of  the  latent  heat  of 
the  liquid  and  the  sensible  heat  required  to  raise  it  from  the  injection 
te  m  p  e  r  a  tu  r  e . 

A  noneffusing  sphere  in  a  nonconvecting  environment  has 
a  Nusselt  number  of  2.  0,  but  the  value  for  a  droplet  evaporating  into  a  high- 
temperature  environment  is  much  lower.  Godsave  (Reference  A-48)  gives 
a  simple  but  adequate  estimate  for  the  heat  transfer  to  a  burning  droplet, 
assuming  that  thermal  conductivity  and  specific  heat  of  the  vapor  film  are 
constant.  His  equation  may  be  rearranged 
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The  rate  of  fuel  consumption  from  burning  fuel-wetted  spheres  has  been 
determined  experimentally  under  forced  convective  conditions  by  several 
investigators  (References  A-49,  A-50,  and  A-51).  These  experimental 
values  are  correlated  (Figure  A-7)  by  the  equation 
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Figure  A-7.  Burning  Rate  vs  Reynolds  Number 


» 


■i 


178 


0  o 

where  Mc  and  M  are  nonconvective  and  convective  consumption  rates.  This 
is  rearranged  and  combined  with  Equations  (A-32)  and  (A-33)  to  give 
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The  term  containing  ReynoLds  number  represents  the  effect  of  forced 
convection  on  a  burning  sphere.  It  is  very  similar  in  value  to  the  correlation 
of  Ranz  and  Marshall  (Reference  A-52)  for  the  rate  of  evaporation  from 
wetted  spheres,  but  is  preferred  for  this  application  because  it  was  obtained 
in  the  presence  of  combustion  and  with  temperature  differences  up  to 
3,  000°K  and  Reynolds  numbers  up  to  6,000.  The  Ranz  and  Marshall  experi¬ 
ments  were  limited  to  temperature  differences  of  100  K  and  Reynolds  num¬ 
bers  of  200. 


Equations  (A-32)  and  (A-35)  may  be  combined  to  give 


(A-36) 


which  is  the  expression  used  to  calculate  the  burning  rate  of  a  single  droplet. 
In  the  computer  calculations,  (ttK/Cq)  and  (Cp/AH)  are  two  of  the  subscripted 
variables  characterizing  the  combustion  properties  of  the  material  in  each 
droplet  group.  These  values  are  not  treated  as  time-varying  in  the  analysis 
in  order  to  simplify  the  calculations.  To  obtain  agreement  with  experimental 
burning  rate  values,  Cp  and  K  are  evaluated  at  the  arithmetic  mean  of  the 
expected  droplet  surface  and  hot  gas  temperatures. 


The  temperature  difference  used  in  the  burning-rate  equa 
tion  is  the  difference  between  the  instantaneous  droplet  boiling  temperature 
obtained  from  equation  A-2,  and  the  flame  temperature  or  gas  temperature 
surrounding  the  droplet. 


The  flame  or  gas  temperature  used  in  the  burning- rate 
equation  is  obtained  from  the  curve  of  chamber  temperature  vs  composition 
(Figure  A-8),  the  calculated  composition  of  the  chamber  gas,  and  the  known 
composition  of  the  droplet  which  is  carried  as  a  subscripted  variable.  It  is 
presumed  that  when  a  droplet  of  a  given  stoichiometry  is  evaporating  into 
chamber  gas  having  a  different  stoichiometry,  every  intermediate  stoichi¬ 
ometry  will  be  found  in  the  diffusion  zone  surrounding  the  droplet  and  that 
the  local  temperature  in  the  diffusion  zone  will  correspond  to  the  local 
stoichiometry.  Thus  the  flame  temperature  used  in  the  burning -rate  equation 
is  the  highest  temperature  found  on  the  temperature  vs  composition  curve  in 
the  interval  between  the  chamber  gas  stoichiometry  and  the  droplet 
stoichiometry. 
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Figure  A-8.  Temperature  vs  Stoichiometry 


Each  time  that  the  burning  rate  of  a  droplet  is  calculated 
from  Equation  (A-36),  the  value  is  stored  temporarily  as  a  subscripted 
variable  until  it  can  be  used  in  the  summations  which  give  the  velocity  pro¬ 
file  in  the  chamber  and  the  total  burning  rate  for  the  chamber. 

(6)  Use  of  Experimental  Burning  Rate  Data 

There  arc  many  common  propellant  materials  for  which  the 
vapor  thermal  conductivity  is  unknown  in  the  1,  500  to  2,  000°K  temperature 
range.  Nitric  acid  and  UDMH  are  good  examples.  Experimental  droplet 
burning  rates  have  been  obtained  for  these  materials,  and  these  burning 
rates  may  be  used  to  infer  this  necessary  info rmation.  Normally  experi¬ 
mental  burning  rate  data  are  given  in  terms  of  a  burning  rate  constant,  K' 
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in  terms  of  our  droplet  burning  rate  expression 
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This  expression  is  solved  for  K  using  the  experimental  value 
for  K1.  When  the  mean  value  for  thermal  conductivity  is  obtained  this  way, 
the  droplet  combustion  equations  are  no  longer  being  used  to  derive  the 
burning  rates  from  basic  principles,  but  merely  become  functions  for  extend¬ 
ing  a  burning  rate  measurement  to  a  different  flame  temperature. 

Some  propellant  materials  have  the  capability  of  burning  as  a 
monopropellant.  Examples  are  hydrazine,  propyl  nitrate,  and  hydrogen 
peroxide.  When  the  monopropellant  burning  rate  is  known  as  a  function  of 
chamber  pressure  from  liquid  strand  tests,  the  burning  rate  may  be  entered, 
correlated  in  the  form  r  -  A  +  BFn,  where  r  is  the  burning  rate  in  cm/sec 
and  P  is  pressure  in  psia.  The  corresponding  mass  burning  rate  of  a  droplet 
is  M  =  rupD^.  When  propellant  droplets  can  burn  as  either  a  bipropellant 
or  as  a  monopropcllant,  the  computer  program  calculates  the  burning  rate 
for  each  droplet  group  in  both  ways  at  each  time  interval,  and  the  larger  of 
the  two  values  is  used. 

(7)  Ignition  and  Extinguishment 

Several  types  of  ignition  are  modeled  by  the  computer  program. 
Calculations  may  be  performed  for  sea-level  or  high-altitude  ambient  condi¬ 
tions,  and  for  hypergolic  or  nonhyper golic  propellants. 

When  a  motor  is  being  started  at  atmospheric  pressure,  using 
a  liquid  propellant  igniter,  it  is  assumed  that  droplets  of  the  main  propel¬ 
lants  ignite  instantaneously.  When  the  fuel  and  oxidizer  flow  rates  to  the 
igniter  and  the  axial  location  of  the  igniter  port  are  specified,  the  initial 
composition,  temperature,  and  axial  velocity  profile  of  the  chamber  gas 
are  established.  Although  droplet  ignition  is  presumed  to  be  instantaneous, 
it  would  be  erroneous  to  presume  that  the  calculated  start  transient  will 
necessarily  be  either  smooth  or  simple,  as  experience  has  frequently 
shown  it  to  be  otherwise. 

When  nonvolatile  hypergols  are  injected  at  atmospheric  pres¬ 
sure,  the  ignition  results  from  complex  liquid  and  vapor  phase  processes 
and  it  is  necessary  to  obtain  ignition  delay  values  from  the  published  litera¬ 
ture  based  on  experimental  tests.  When  such  an  ignition  delay  time  is 
prescribed,  the  droplet  burning  rates  are  set  to  zero  during  the  preignition 
period.  The  delay  time  is  counted  as  starting  only  after  both  fuel  and 
oxidizer  streams  have  reached  the  impingement  point  in  the  chamber. 

When  volatile  hypergolic  pairs  are  injected  under  near-vacuum 
conditions,  the  ignition  depends  upon  the  physical  processes  which  con¬ 
tribute  to  the  production  of  reactive  vapors  in  the  chamber.  The  calculation 
of  the  ignition  delay  time  in  the  vapor  phase  is  based  on  an  equation  given  by 
Seamans,  Vanpee,  and  Agosta  (Reference  A-29): 
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where  E,  A  and  Q  are  the  activation  energy,  frequency  factor,  and  heat  of 
reaction  for  the  vapor  phase;  reaction  responsible  for  ignition.  Cp  is  the 
specific  heat  of  the  vapor  mixture  in  the  combustion  chamber  and  Cfue]  or 
^oxidizer  are  the  concentrations  of  fuel  and  oxidizer  vapor  in  the  chamber 
gases. 


This  function  may  be  evaluated  in  either  of  three  ways.  One 
option  is  to  assume  that  there  is  no  axial  mixing  of  vapors.  In  this  mode, 
the  relative  concentrations  of  fuel  vapor  and  oxidizer  vapor  come  from  the 
relative  amounts  flashed  at  each  instant.  A  second  option  is  to  assume 
that  all  the  vapors  in  the  chamber  are  well-mixed.  In  this  mode,  the  values 
for  fuel  and  oxidizer  vapor  concentration  used  in  Equation  (A-39)  are  derived 
from  a  mass  balance  on  the  chamber  considering  the  entire  previous  history 
of  vapor  generation  and  outflow.  The  third  option  presumes  that  at  any 
instant  there  will  be  some  location  in  the  chamber  which  has  the  optimum 
stoichiometry  for  the  quickest  possible  ignition.  This  optimum  stoichi¬ 
ometry  is  found  by  examining  the  well-mixed  vapor  composition  in  the 
chamber,  as  well  as  the  most  advantageous  composition  in  the  boundary 
layers  surrounding  fuel  droplets  and  oxidizer  droplets  (where  they  are 
present),  the  composition  having  the  greatest  value  for  (Cfuei  x  Coxidizer) 
is  che  one  used  in  the  ignition  calculations.  Any  ignition  uelay  time  longer 
than  the  gas  residence  time  is  discarded,  as  ext  rnal  ignition  is  ineffective. 
Because  of  the  necessity  of  calculating  repeated  ignitions  and  extinguish¬ 
ments,  unreacted  fuel  and  oxidizer  vapors  are  distinguished  from  residual 
quenched  combustion  product  gases  in  calculating  the  concentrations  used 
in  Equation  (A-39). 

The  vapor-phase  ignition  delay  time  is  recalculated  at  each 
time  interval,  and  the  chemical  delay  time  is  added  to  the  model  time  at 
which  the  calculation  is  made  to  obtain  a  projected  time  of  ignition.  The 
smallest  value  for  the  projected  time  of  ignition  is  retained.  Ignition  is 
presumed  to  occur  when  the  model  time  exceeds  the  smallest  value  for  pro¬ 
jected  ignition  time. 

Since  the  droplet  population  of  the  chamber  declines  very 
rapidly  after  the  propellant  valves  are  closed,  the  vacuum  evaporation  of 
fuel  and  oxidizer  film  on  the  wall  becomes  the  major  source  of  fuel  and 
oxidizer  vapors  very  shortly  after  valve  closure.  For  this  reason  the 
criterion  for  extinguishment  is  based  upon  the  combustion  chamber  gas  state 
rather  than  upon  the  conditions  in  the  droplet  boundary  layers.  Extinguish¬ 
ment  in  the  gas  is  predicted  from  experimental  quenching  distance  values 
taken  from  data  on  the  combustion  of  premixed  gases  (Reference  A-53). 
Quenching  distance  of  premixed  gases  is  a  function  of  the  pressure,  and  of 
the  initial  temperature  and  stoichiometry  of  the  combustible  mixture.  For 
the  present  purposes,  the  effects  of  stoichiometry  and  initial  temperature 
can  be  lumped  together  in  terms  of  the  corresponding  final  gas  temperature. 
The  data  on  propane-air  quenching  distance  are  correlated  adequately  by: 
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3.6x10  1 


17  .-1.0  ~-4.  0 


(A-40) 
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Where  q  is  quenching  distance  in  cm,  P  is  pressure  in  dynr/cm^,  and  T  is 
equilibrium  final  pas  tempo  ram  re  in  °K.  When  tin-  calculated  value  of  q 
becomes  larurr  Ilian  Llm  chamber  diameter,  extingui  shment  is  presumed  to 
oc  ell  r . 

(8)  Chamber  Calculations 

The  vapors  or  eases  which  fill  the  combustion  chamber  are 
derived  from  the  followin';  f>V'.  ources:  vapor  from  flashing  propellant 
streams;  material  evaporated  from  propellant  droplets;  burnoff  of  material 
on  the  chamber  wall:;;  vacuum  evaporation  of  material  on  the  chamber  walls; 
and  ignitor  combustion  pro  uds,  if  any.  Fuel  and  oxidizer  vapors  from 
these  five  sources  are  axially  cumulated  in  tin  chamber  each  time  interval, 
while  the  amounts  calculated  to  flow  through  the  nozzle  are  subtracted.  This 
gives  current  values  for  the  ihamber  gas  mass  and  stoichiometry  and  for 
axial  addition  rate  of  mass.  These  are  used  to  calculate  the  pressure, 
temperature,  molecular  weight,  and  the  velocity  distribution  in  the  chamber. 
The  simplifying  assumption  is  made  that  at  any  instant  the  pressure  is  con¬ 
stant  throughout  the  chamber  and  the  gas  is  well  mixed.  Since  the  computa¬ 
tion  time  interval  is  typically  of  the  order  of  1  to  10  times  the  longitudinal 
acoustic  period  of  the  engine,  the  uniform  chamber  pressure  assumption 
seems  justified  for  engines  with  large  contraction  ratios.  If  ignition  has 
occurred,  the  temperature  and  molecular  weight  are  interpolated  from 
tables  of  these  variables  versus  stoichiometry.  Tin?  table  values  are  calcu¬ 
lated  assuming  iscnthalphic  combustion  to  give  reaction  products  in  thermo- 
chemical  equilibrium.  If  ignition  has  not  occurred,  the  gas  properties  are 
calculated  for  the  unreacted  fuel  and  oxidizer  vapors,  assuming  ideal  gas 
bchavio  r . 

(a)  Gas  Slate 

At  each  integration  time  interval,  the  expressions  for 
flashing  of  the  propellant  streams,  evaporation  of  droplets,  burnoff  of 
propellant  on  the  walls,  vacuum  evaporation  of  propellant  on  the  walls,  and 
the  assigned  igniter  flows  are  used  to  calculate  the  amounts  of  fuel-derived 
mass  and  oxidizer-derived  mass  which  have  been  added  to  the  chamber. 
Nozzle  flow  equations  are  used  to  calculate  the  amount  of  gas  leaving  the 
chamber,  with  the  assumption  being  made  that  the  material  flowing  through 
the  nozzle  has  the  same  composition  as  the  well-mixed  material  in  the 
chamber.  The  new  amounts  of  fuel-derived  gas  mass  and  oxidizer-derived 
gas  mass  contained  in  the  chamber  are  then  calculated: 


F  (t+ At) 


J  fuel  evaporated  -  fuel  exhausted 


(A -4  1 ) 


Q(t+At) 


O(t)  1 


oxidizer  evaporated  -  oxidizer  exhausted  (A-42) 


The  total  mass  of  gas  in  the  chamber  is  the  sum  of  the  fuel-derived  and 
oxidizer -derived  mass 


fvl„  *•  M.. 

I  O 


(A-43 ) 
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The  stoichiometry  of  the  chamber  gas  is  expressed  in  terms  of  the  fraction 
of  the  total  gas  mass  which  is  fuel-derived 


F 


M, 


Mf  +  Mq 


(A-44) 


When  combustion  is  taking  place  in  the  chamber,  the 
temperature,  molecular  weight,  and  thermal  properties  of  the  chamber  gas 
arc  functions  of  the  elemental  compositions  and  heats  of  formation  of  the 
fuel  and  oxidizer,  the  stoichiometry  and  the  chamber  pressure.  Since  the 
composition  and  heat  of  formation  of  the  fuel  and  oxidizer  are  fixed  for  a 
given  set  of  propellants,  and  since  the  product  composition  is  only  a  weak 
function  of  pressure,  the  temperature,  molecular  weight  and  thermal  prop¬ 
erties  of  the  chamber  gas  are  approximated  as  a  function  of  F  alone  with 
only  small  error.  Temperature,  molecular  weight  and  gamma  are  stored  as 
1  1 -point  tables  with  linear  interpolation  being  used  to  obtain  values  for  inter¬ 
mediate  values  of  F.  Figures  A-8,  A-9,  and  A-10  illustrate  the  values  used 
for  the  white  fuming  nitric  acid  -  UDMH  propellant  combination. 

After  chamber  temperature  and  molecular  weight  are 
estimated  as  functions  of  the  gas  stoichiometry,  the  chamber  pressure  is 
calculated 


p  =  (A-45) 

c  W 

m 

The  density  is  obtained  from  the  known  total  gas  mass  and  total  chamber 
volume,  where  Uc  is  chamber  volume 


P  = 


(A-46) 


(b)  Nozzle  Throat  Flow 

Conventional  steady  flow,  compressible  gas,  nozzle  flow 
equations  are  used  to  calculate  the  instantaneous  mass  flow  rate  through  the 
nozzle  throat.  The  use  of  these  equations  together  with  the  assumption  of 
constant  pressure  throughout  the  chamber  restricts  the  validity  of  these 
calculations  to  cases  where  the  rate  of  change  of  pressure  is  sufficiently 
slow  that  only  a  small  change  in  pressure  occurs  during  a  single  acoustic 
time  period  of  the  chamber  or  nozzle. 
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The,1  nozzle  is  sonic  when 


P 


e 


P 

c 


< 


1) 


(A-47) 


Subsonic  mass  flow  rate  is  calculated 


A  a  p  /2,  0  \Wm 

MT  AT  Pc  V  (V-  1)  RTc 


rp  \2/Y  /p  \(V+1)/.Y 


(A-48) 


Sonic  flow  rate  is  calculated 


A  A  p  /yWm/2,  0  \(V+1)/(V'1) 

mt  at  Pc  V  RTc  \V+1  / 


(A-49) 


The  rates  at  which  fuel-  and  oxidizer -derived  mass  leave  the  chamber  are 


Mp  =  Mt  x  F 


(A- 50) 


Mq  =  X  (1  -  F) 


(A-  5 1 ) 


(c)  Axial  Gas  Velocity 

The  axial  gas  velocity  is  calculated  at  100  equally  spaced 
axial  locations  at  each  integrating  time  interval  to  give  the  gas  velocities 
used  in  the  droplet  drag  and  evaporation  rate  calculations,  the  wall  burnoff 
calculations  and  the  wall-film  viscous  flow  calculations  during  the  next 
time  interval.  When  velocities  are  required  at  intermediate  locations, 
linear  interpolation  is  used. 

The  axial  gas  velocity  at  any  axial  location  L  may  be 
obtained  through  the  continuity  equation,  a  mass  balance  on  the  chamber 


F 


volume  upstream  of  location  L,  and  the  assumption  of  uniform  density 
throughout  the  chamber.  The  axial  velocity  at  L  is 


V 


L 


(A-52) 


O 

where  is  the  rate  at  which  gas  mass  is  flowing  past  the  section  at  L 
and  Al  is  the  cross-sectional  area  at  L.  The  value  for  is  obtained  from 
a  mass  balance  on  the  chamber  volume  upstream  of  L. 


Evaporation  rate  upstream  of  L  -  accumulation  rate  upstream  oi  L 


Vm.  N. 

Z-  1  1 

All  droplet  groups 
in  chamber 

All  droplet  groups 
upstream  of  L 
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^M.  N. 
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U, 
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where  and  are  the  mass  evaporation  rates  per  drop  in  the  ith  group 
and  the  number  of  droplets  in  the  ith  group.  U^,  is  the  chamber  volume 
upstream  of  L,  and  Mx  is  the  mass  flow  rate  through  the  nozzle.  Uq  is  total 
chamber  volume. 

(9)  Wall  Calculations 

When  a  droplet  group  moves  radially  to  the  location  of  the 
combustion  chamber  wall,  its  fuel  or  oxidizer  mass  is  deleted  from  the 
droplet  array  and  is  added  to  the  appropriate  location  in  a  100-member 
array  which  represents  the  axial  distribution  of  fuel  or  oxidizer  deposited 
on  the  chamber  wall.  The  material  on  the  wall  experiences  axial  viscous 
flow  under  the  influence  of  shear  forces  exerted  by  the  chamber  gas  and 
is  subjected  to  burnoff  from  heat  transferred  from  the  chamber  gas.  When 
the  chamber  pressure  falls  below  the  vapor  pressure  of  the  fuel  and 
oxidizer  deposited  on  the  wall,  they  undergo  Knudsen-Langmuir  evapora¬ 
tion,  with  heat  simultaneously  being  transferred  from  the  chamber  wall. 
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(a)  Viscous  Flow  Rate 


?» 


is  calculated. 


The  viscous  flow  rate  for  each  axial  portion  of  the  wall 


M. 
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M.  f.  p  V. 

1  1  gas  igas 
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(A-  54) 


Where  Mq  is  the  mass  flow  rate  at  the  ith  segment  of  the 
chamber  wall;  Mq  is  the  mass  of  deposited  propellant  on  this  segment  of 
wall;  f  is  the  Fanning  friction  factor,  a  function  of  chamber  Reynolds  num¬ 
ber,  evaluated  at  the  ith  segment,  p  mj  is  the  viscosity  of  the  contaminant 
mixture  on  the  ith  segment  of  wall,  interpolated  from  a  table  of  viscosity 
vs  stoichiometry;  p  mi  i-s  the  density  of  the  contaminant  mixture;  and  AX  is 
the  length  of  the  wall  segment.  The  Fanning  friction  factor  is  calculated 
(Reference  A-54): 
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is  the  Reynolds  number,  based  on  chamber  diameter  evaluated  at  the 
ith  wall  segment. 

(b)  Wall  Burnoff  Rate 

The  burnoff  from  each  axial  segment  of  the  wail  is  calcu¬ 
lated  from  a  heat  transfer  coefficient  calculated  from  the  Colburn  Equation 
(Reference  A-55)  corrected  for  Counte  r  -  Cur  re  nt  mass  transfer: 


M. 


II.  A.  C  AT 
i  l  e 

AH 


(A-56) 
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is  the  rate  of  burnoff  of  propellant  from  the  ith  wall  segment.  H.  and 
are  the  heat  transfer  coefficient  evaluated  for  the  conditions  at  i  and  the 
chamber  wall  surface  area  of  the  ith  segment.  The  value  for  H-  is  calcu¬ 
lated:  1 


0.  <  <  500,  000 
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500,  000  <  N 
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is  the  Reynolds  number  based  on  chamber  diameter  evaluated  at  the  ith 


l 

segment. 


is  calculated: 


The  correction  for  simultaneous  heat  and  mass  transfer 


C  = 
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1.0  + 


C  AT 
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AH 


m 


(A-  58 ) 


Where  AH  is  the  heat  required  to  evaporate  or  pyrolyze  unit  mass  of 


m. 


the  propella‘nt  mixture,  C  is  the  specific  heat  of  the  vapor  produced  and 
AT  is  the  difference  between  the  chamber  gas  temperature  and  the  surface 
temperature  of  the  evaporating  propellant. 


(10)  Vacuum  Evaporation  Rate 

The  evaporating  wall  film  is  treated  as  being  locally  thermally 
quasi-steady  (Reference  A-27)  and  the  local  vacuum  evaporation  rate  from 
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each  of  the  100  axial  segments  of  wall  is  presumed  to  balance  the  local  heat 
transfer  rate  from  the  chamber  wall  to  the  evaporating  surface.  The  expres¬ 
sion  for  Knudsen -Langmuir  evaporation  is: 
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Where  M  is  the  evaporation  rate  of  constituent  p  from  the  ith  axial  seg¬ 
ment  of  the  chamber  wall,  Ap^  is  the  exposed  surface  area  of  constituent  p  on 
the  ith  segment.  Ep  is  the  accommodation  coefficient  of  constituent  p. 

Pyap  p  (Tsi)  is  the  vapor  pressure  of  constituent  p  at  the  local  surface  tem¬ 
perature  Ts.  Pc  is  the  chamber  pressure.  Mwp  is  the  vapor  molecular 
weight  of  constituent  p,  and  R  is  the  gas  constant.  The  effects  of  the  neu¬ 
tralization  reaction  removing  fuel  or  oxidizer  from  the  mixed  layer  with  the 
consequent  formation  of  hydrazinium  nitrate,  and  the  vapor  pressure  reduc¬ 
tion  from  solution  effects  are  not  considered.  This  expression  is  correct 
only  when  the  fuel  and  oxidizer  on  the  wall  are  unmixed.  The  expression  for 
heat  transfer  through  the  wall  film  is: 


A  .  K  (T  .  -  T  .) 
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(A-60) 


Where  Kp  is  thermal  conductivity  of  constituent  p,  Twi  is  the  chamber  wall 
temperature  at  segment  i,  is  the  thickness  of  coating  on  segment  i, 

A  Hp  is  the  latent  heat  of  evaporation  of  constituent  p. 


Equations  (A-59)  and  (A-60)  must  be  simultaneously  solved  to 
obtain  the  values  of  Mpj  and  Ts-.  This  is  done  by  Newton  iteration.  The 
solutions  are  obtained  separately  for  the  fuel  and  for  oxidizer  on  each  seg¬ 
ment,  as  though  they  occupied  separate  patches  of  the  total  wall  surface  area. 
The  exposed  surface  area  of  each  propellant  constituent  is  presumed  to  be 
proportional  to  its  volume  fraction  on  the  particular  segment. 


(11)  Thrust  Calculation 

The  vacuum  thrust  is  calculated  as  the  sum  of  the  momentum 
rate  of  the  ejected  droplets  and  the  theoretical  vacuum  thrust  of  the  gas: 
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When  the  chamber  contents  are  ignited,  the  Cp  is  interpolated  from  a  table 
of  Cp  vs  stoichiometry  of  the  chamber  gas.  When  the  chamber  products  are 
not  ignited,  Cp  is  calculated  for  the  mixture  of  unburned  vapors.  In  calcu¬ 
lating  the  Cp  for  the  vapors,  first  the  ratio  of  exit  pressure  to  throat  pres¬ 
sure  must  be  obtained  from  the  exit  area  ratio: 


(A-62) 


This  is  solved  for  the  time-varying  y  using  a  Newton  iteration.  After  the 
pressure  ratio  is  obtained,  the  thrust  coefficient  is  obtained: 


d.  Contaminant  Production  in  the  Combustion  Chamber 
(1)  Definition  of  Contaminant  Production 

In  the  present  context  a  contaminant  is  any  material  ejected 
from  the  rocket  engine  which  can  degrade  any  part  of  the  vehicle  surface. 
Abrasive,  corrosive  or  otherwise  physically  damaging  materials  or  persis¬ 
tent  materials  which  cause  significant  optical  changes  to  impinged  surfaces 
are  all  included  in  the  class  of  contaminants.  The  theo rctical  equilibrium 
combustion  products,  such  as  gaseous  CO^,  H^O,  N^,  etc.  are  not  normally 
regarded  as  contaminants,  although  condensed  phases  are  potential  contami¬ 
nants.  The  most  undesirable  materials  are  raw  unreacted  fuel  or  oxidizer, 
or  the  mixtures  of  cold- reaction  intermediate  products  containing  hydra- 
zinum  nitrates,  water,  fuel,  polymeric  materials,  etc.  The  latter  mate¬ 
rials  can  be  produced  whenever  local  conditions  are  inadequate  to  initiate  or 
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carry  the  combustion  reactions  to  completion.  For  transport  limited 
processes,  such  as  droplet  evaporation,  incomplete  combustion  arises  from 
excessive  drop  sizes,  inadequate  chamber  dimensions,  low  pressure  or  low 
temperature  (which,  in  turn  can  result  from  incorrect  stoichiometry  or  lack 
of  ignition).  For  chemical  rate  limited  processes,  such  as  in  a  film  of  well- 
mixed  fuel  and  oxidizer  on  the  wall,  incomplete  combustion  arises  from 
chilling  by  the  wall  or  from  the  vacuum  evaporation  of  excess  reactants  or  by 
quenching  in  a  large  excess  of  one  or  the  other  of  the  reactants. 

(2)  Application  of  the  T  CC  Computer  Program  to  the  Prediction  of 

Contaminant  Production 

The  transient  combustion  chamber  program  can  predict  the 
amounts  and  characteristics  (film  stoichiometry,  droplet  size,  droplet 
velocity)  of  contaminant  produced  during  an  engine  firing  by  mathematically 
modelling  the  injection  rates,  combustion  and  trajectory  of  droplets  and  the 
rates  of  accretion,  evaporation,  and  axial  flow  of  propellant  deposited  on  the 
chamber  wall.  These  processes  depend  in  very  complex  ways  upon  the 
details  of  chamber  geometry,  injector  geometry,  tank  pressures,  valve  tim¬ 
ing,  propellant  properties,  etc. 

The  contaminant  production  from  a  single  pulse  of  a  clean 
engine  may  be  calculated  by  inputting  the  necessary  data  and  performing  the 
system  calculations  for  the  single  pulse.  The  contamination  from  one  pulse 
in  a  series  of  successive  firings,  however,  will  depend  upon  the  accumula¬ 
tion  of  material  on  the  walls  from  previous  firings,  the  extent  of  injector 
dribbling  between  firings,  the  vacuum  evaporation  of  material  from  the  walls 
between  firings,  and  the  cumulative  heating  or  cooling  of  chamber  and 
injector  over  the  series  of  firings.  Thus  it  may  be  necessary  to  model  an 
entire  duty  cycle  to  obtain  representative  values  for  contaminant  production. 
Such  calculations  may  be  of  value  in  assisting  in  the  design,  development, 
or  modification  of  an  engine,  in  optimizing  the  engine  size  and  duty  cycle 
for  a  particular  vehicle  mission,  in  modifying  the  duty  cycle  of  an  existing 
vehicle,  or  in  choosing  between  alternate  engine  choices  for  a  particular 
vehicle,  where  contamination  is  an  important  consideration. 

(3)  Assumptions,  Limitations  and  Validity 

The  production  of  contaminants  can  be  in  any  of  several  modes 
even  for  a  single  firing  of  a  particular  engine.  If  fuel  injection  commences 
before  oxidizer  injection,  and  if  the  trajectory  of  the  streams  or  droplets 
takes  them  directly  through  the  engine  throat,  very  few  simplifying  assump¬ 
tions  or  approximations  are  involved.  If  the  same  fuel  impinges  on  the 
chamber  wall  and  later  is  dragged  downstream  by  shear  forces  developed  by 
the  relative  velocity  of  the  hot  combustion  chamber  gases,  the  fluid  flow  and 
heat  transfer  processes  are  so  complex  as  to  defy  analysis  without  the  most 
drastic  simplification.  In  our  analysis  the  liquid  flow  on  the  wall  is  essen¬ 
tially  quasi- steady,  one-dimensional,  and  viscous.  Instabilities  leading  to 
ripple  formation  or  secondary  atomization  of  wave  crests  are  ignored  and 
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the  effects  of  such  instabilities  upon  heat  transfer  and  drag  are  ignored.  The 
gas  shear  stress  correlations  are  for  fully  developed  pipe  flow,  and  ignore 
the  boundary  layer  growth  process  in  the  short  combustion  chamber.  The 
evolution  of  gas  from  the  liquid  surface  by  evaporation  or  pyrolysis  is  con¬ 
sidered  in  the  heat  transfer  calculation,  but  ignored  in  the  shear  stress  cal¬ 
culation.  The  shear  stress  produced  from  stagnation  of  the  axial  momentum 
of  the  impinging  propellant  droplets  is  ignored.  It  is  obvious  that  experimen¬ 
tal  examination  of  the  wall-film  flow  process  is  necessary  if  reliable  approx¬ 
imations  to  this  process  are  required.  On  the  other  hand,  the  axial  mass 
flow  rate  down  the  wall  increases  rapidly  with  the  film  thickness,  so  the  pro¬ 
cess  is  strongly  s elf- regulating,  with  increased  deposition  rates  leading  to 
increased  axial  flow  rates;  hence,  after  a  certain  period  of  accumulation,  the 
axial  flow  rates  should  be  nearly  correct  even  though  the  value  calculated  for 
the  mass  held  on  the  wall  is  in  error. 


The  values  for  the  physical  properties  of  wall-film  material 
containing  both  fuel  and  oxidizer  have  a  high  order  of  uncertainty.  Combus¬ 
tion  intermediate  mixtures  from  motors  using  NTO-MMH  propellant  have 
been  observed  by  eye  and  described  as  honey-like.  This  would  imply  a  vis¬ 
cosity  in  the  range  of  1,000  to  100,000  centipoise;  however,  the  temperature 
and  gross  composition  (i.  e.  ,  mass  fraction  of  fuel  in  the  mixture)  were  not 
reported,  so  the  uncertainty  in  the  value  to  use  for  viscosity  must  be  at  least 
a  factor  of  100.  The  viscosity  of  mixtures  of  this  sort  would  be  expected  to 
vary  strongly  with  temperature  and  with  dilution  by  fuel,  but  no  measure¬ 
ments  have  yet  been  made.  The  axial  mass  flow  rate  of  wall-film  material 
is,  unfortunately,  inversely  proportional  to  viscosity.  The  viscosity  func¬ 
tion  used  for  our  calculation  is  a  linear  interpretation  with  composition,  from 
the  yiacosities  ol  pu.  c  Xuel  and  lu  a  value  ul  lu  celillpuise  al  the 

composition  of  pure  monomethyl  hydrazinium  nitrate.  The  low  value  used 
comes  from  the  assumption  that  freshly  produced  MMH  nitrate  will  still 

i  tldm  iiioat  ol  ito  heat  el  il  e  ut  I  all /.atio  u  ,  whiCu  Vy  ill  heat  it  about  C  aljuvu 

the  reactant  temperature. 


The  vacuum  evaporation  rates  of  NTO,  MMH  and  monomethyl 
hydrazinium  nitrate  should  be  proportional  to  the  accommodation  coefficients 
of  these  materials;  however  none  of  these  has  even  been  measured.  Accom¬ 
modation  coefficients  for  nonas sociated  materials  such  as  hydrocarbons  or 
perhalocarbons  are  approximately  1.0;  however,  materials  which  undergo 
dissociation  or  bonding  changes  during  evaporation  generally  hciVo  Values  fax 
less  than  1.0.  The  accommodation  coefficient  for  water,  which  is  hydrogen 
bonded  in  the  liquid  phase,  has  been  reported  as  low  as  0.03,  and  the  accom¬ 
modation  coefficient  for  ammonium  chloride  which  dissociates  upon  evapora¬ 
tion  has  been  reported  as  low  as  4  x  10"'^.  Liquid  monomethyl  hydrazine  is 


certainly  hydrogen  bonded. 

which  lu  IHe  flluC 


Liquid  NTO  exists  largely  as  the  dimer  N  O 
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hydrazinium  nitrate  probably  dissociates  into  nitric  acid  and  monomethyl 
hydrazine  upon  evaporation.  Hence  the  values  for  the  accommodation 
coefficients  might  be  expected  to  differ  from  unity  by  a  factor  of  50  to  5000; 


however,  the  values  are  not  known,  and  a  value  of  1.0  is  used  in  our  cal¬ 


culations.  Because  of  the  absence  of  experimental  values  for  the  physical 


properties,  there  has  been  no  attempt  to  treat  the  vacuum  evaporation  from 
the  wall  in  a  sophisticated  manner;  instead,  the  fuel  and  oxidizer  are  treated 
as  though  they  were  immiscible  phases.  The  ’.posed  area  of  each  phase  on 
a  particular  segment  of  chamber  wall  is  taken  10  be  proportional  to  the 
volume  fraction  of  the  material  on  that  segment  of  wall.  Vacuum  evaporation 
rates  are  then  calculated  based  upon  the  exposed  area  of  each  phase  and  the 
estimated  physical  properties  of  the  pure  material.  When  properties  of  the 
materials  are  well  known  enough  to  warrant,  it  will  be  feasible  to  calculate 
reaction  stoichiometry  in  the  film,  vapor  pressure  depression  from  dilution, 
and  a  heat  balance  considering  the  neutralization  reaction,  dilution,  evapora¬ 
tion  of  excess  reactants,  and  heat  transfer  to  the  wall  or  from  the  gas. 

The  injector  hole  diameters  of  the  Marquardt  R-6C  engine  are 
0.0158  inch  for  the  fuel  and  0.0186  inch  for  the  oxidizer.  These  are  much 
smaller  than  have  been  employed  in  experimental  investigations  of  primary 
atomization.  In  order  to  force  agreement  between  calculated  and  experi¬ 
mental  combustion  efficiencies  and  steady-state  chamber  pressures,  the 
computational  initial  mean  droplet  sizes  were  arbitrarily  reduced  by  a  factor 
of  two  from  the  value  obtained  using  equation  A- 12.  This  probably  indicates 
the  inadequacy  of  the  present  mean  drop  size  correlation  and  drop  size  dis¬ 
tribution  to  describe  the  droplet  sizes  produced  by  the  impingement  of  unlike 
hypergolic  streams  from  very  small  orifices. 

In  the  absence  of  any  reliable  data  for  breakup  distances  of  fans 
produced  by  small  streams  of  unlike  materials,  the  fan  lengths  were  arbi¬ 
trarily  set  to  zero  for  the  calculations  for  the  Marquardt  R-6C  engine.  If  the 
chugging  frequencies  and  amplitudes  had  been  known  for  this  engine,  the 
correct  values  for  fan  breakup  distance  could  have  been  deduced  from  these 
values . 

In  the  absence  of  any  experimental  data  on  the  behavior  of  drop¬ 
lets  or  streams  impinging  on  the  chamber  wall,  it  was  assumed  that  half  the 
im.  pinging  drupl-ts  suck  u  the  chamber  waii  and  hali  robwunded  back  vaw  the 
chamber.  It  was  assumed  that  the  bouncing  drops  rebounded  from  the  wall 
with  100  percent  of  their  speed  of  approach. 

At  present,  the  inadequate  knowledge  of  propellant  and  cold- 
reaction- product  physical  properties  must  rank  in  importance  with  uncer¬ 
tainty  of  primary  atomization  droplet  size,  stream  or  fan  breakup  distance, 
NUUl  fcllt.  ’ILULHllLlffU  Whl'do*'  nf  *J  »xfpl  M  =  anil  il.n«ah«.  et  E*r  ttUfclW  al£;  a» 

the  major  unknowns  limiting  the  confidence  in  the  calculated  predictions.  It 
should  be  obvious  that  the  above  values  are  important  to  the  calculations, 
and  that  some  experimental  work  would  be  desirable  to  eliminate  the  neces¬ 
sity  for  guess-work  in  these  values. 

e.  Contaminant  Production  Parametric  Study 
(1)  Reasons  for  Parametric  Study 

The  original  reason  for  doing  the  parametric  study  was  to 
develop  a  simplified  mathematical  correlation  to  characterize  the  behavior 
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of  a  rocket  engine  in  terms  of  its  response  to  variation  of  its  most  important 
variables,  including  hardware  dimensions,  operating  conditions  and  duty 
cycle,  Preim  (Reference  A-9)  has  correlated  droplet  combustion  efficiency 
as  a  function  of  engine  parameters  for  steady  operation,  and  it  was  hoped 
that  pulse-mode  operation  could  be  correlated  in  a  similar  manner.  Such  a 
mathematical  correlation  would  be  desirable  in  that  it  would  eliminate  the 
need  for  further  computer  calculations  and  would  permit  easy  multivariate 
optimizations.  A  second  reason  for  the  parametric  study  was  to  publish 
theoretical  predictions  for  engine  behavior  in  the  hope  that  this  might  encour¬ 
age  corresponding  experimental  tests,  which  could  serve  to  verify  the  calcul¬ 
ations  or  point  out  errors  in  the  method.  A  third  obvious  reason  for  the  study 
was  to  further  our  general  understanding  of  the  processes  by  identifying  the 
most  important  variables,  by  establishing  the  general  shapes  of  the  functional 
relationships,  by  obtaining  a  more  detailed  understanding  of  the  sequence  of 
events  which  take  place  during  transients,  and  by  pointing  up  where  necessary 
input  values  or  correlations  are  inadequate  or  missing  entirely. 

It  soon  became  obvious  that  no  simple,  general  mathematical 
correlation  of  our  calculations  would  be  possible,  because  of  the  complex 
time-dependent  character  of  the  solutions.  If  each  pulse  of  given  duration  in 
an  extended  duty  cycle  were  identical  to  every  other  similar  pulse,  then 
simple  correlations  would  be  possible;  however  the  accumulation  of  wall-film 
mass  takes  place  on  a  time-scale  which  can  extend  over  a  considerable  num¬ 
ber  of  short  pulses,  making  the  average  rate  of  wall-film  efflux  different  for 
each  otherwise-identical  pulse  in  the  series.  The  injector  temperature  and 
chamber  wall  temperature  also  show  variations  which  can  extend  over  a  con¬ 
siderable  number  of  pulses.  The  postcutoff  and  preignition  behavior  turned 
out  to  be  more  complex  than  had  been  supposed,  with  important  changes  in 
behavior  occurring  at  threshold  values  of  the  variables,  as  the  following 
example  will  illustrate. 

According  to  our  calculations,  the  fuel  and  oxidizer  passages  of 
the  5-pound  thrust  Marquardt  engine  will  dribble  sequentially  after  propellant 
cutoff,  for  a  300°K  injector  temperature.  This  is  because  the  chamber  pres¬ 
sure  generated  by  the  flash-vapo ri zation  of  the  dribbling  oxidizer  stream  is 
higher  than  the  vapor  pressure  of  the  fuel  in  the  injector.  Thus  the  fuel  does 
not  begin  to  dribble  until  the  oxidizer  has  dribbled  to  exhaustion.  When  the 
dribbling  is  sequential,  our  calculations  show  that  there  are  one  or  two  brief 
periods  of  reignition  during  the  oxidizer  dribble  period,  which  consume  any 
fuel  in  the  chamber  available  for  combustion,  and  are  followed  by 
extinguishment. 

When  the  fuel  injector  temperature  is  higher,  however,  the 
higher  fuel  vapor  pressure  can  result  in  simultaneous  dribbling  of  the  oxi¬ 
dizer  and  fuel.  This  leads  to  reignition  with  enough  of  each  propellant  pre¬ 
sent  to  produce  a  rise  in  chamber  pressure  to  a  value  above  the  vapor 
pressure  of  one  or  both  propellants,  which  in  turn  cuts  off  the  dribbling  flow, 
which  leads  to  a  decay  in  chamber  pressure.  The  decay  in  chamber  pres¬ 
sure  leads  to  the  reestablishment  of  dribbling  flow  of  the  propellants  and 
another  rise  in  chamber  pressure.  This  vapor-pressure  driven  chugging 
cycle  can  continue  until  one  of  the  dribble  volumes  is  drained. 
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The  injector  temperature  follows  a  slow  temperature  rise 
extending  over  a  series  of  pulses;  hence,  the  early  pulses  in  the  series  will 
show  smooth  cutoffs  with  little  postcutoff  impulse.  When  the  injector  tem¬ 
perature  gets  high  enough,  the  subsequent  pulses  will  show  chugging  cutoffs 
with  greater  postcutoff  impulse,  better  combustion  of  the  propellant  in  the 
dribble  volumes,  different  amounts  and  axial  distributions  of  the  dribbled 
propellant  deposited  on  the  chamber  wall,  and  a  higher  degree  of  voiding  of 
the  dribble  volumes  before  the  initiation  of  the  next  pulse. 

This  is  a  good  example  of  the  complex  threshold- s ensitive 
behavior  which  makes  a  simple  mathematical  correlation  of  the  calculations 
im  practical. 

(2)  Scope  of  the  Parametric  Study 

,  The  parametric  study  was  based  on  the  dimensions  and  operat¬ 
ing  values  of  the  Marquardt  5-pound  thrust  R-6C  rocket  engine  using  NTO 
and  MMH  as  propellants.  The  variables  were  chamber  length,  chamber  dia¬ 
meter,  throat  area,  leads  and  lags  in  opening  and  closing  the  propellant 
valves,  fuel  and  oxidizer  tank  pressure,  bulk  propellant  temperature,  cham¬ 
ber  wall  temperature,  and  pulse  length.  Several  arbitrary  assumptions  were 
made  for  the  initial  condition  of  the  dribble  volumes.  Calculations  were 
made  with  both  dribble  volumes  initially  full,  both  initially  empty,  and  with 
the  fuel  volume  full  but  the  oxidizer  volume  empty.  The  temperatures  of  the 
dribble  volume  contents  were  normally  set  equal  to  the  propellant  tank  tem¬ 
perature;  but  for  one  series,  they  were  set  to  a  much  higher  temperature. 

The  postfiring  and  prefiring  dribbling  of  the  injector  and  the 
between  pulse  evaporation  from  the  chamber  walls  were  not  calculated  in 
this  parametric  study,  because  these  portions  of  the  program  were  not 
completely  checked  out  at  the  time  the  parametric  series  was  performed.  A 
further  reason  for  not  including  these  phenomena  in  the  parametric  study  is 
the  great  expense  of  calculating  the  extended  pulse  trains  necessary  to  cate¬ 
gorize  the  dribble,  wall  accumulation,  and  wall  evaporation  behavior,  and 
the  almost  endless  number  of  possible  variations  to  a  duty  cycle.  The  cal¬ 
culations  of  the  present  parametric  study  are  all  terminated  very  shortly 
after  engine  cutoff  (three  milliseconds  after  the  last  valve  closed),  and  do 
not  include  any  postfiring  dribble  effects. 

(3)  Results 

The  T CC  computer  program  parametric  study  yielded  a  sub¬ 
stantial  amount  of  information  about  the  motor  selected  as  a  basis  for  the 
investigation. 


The  basis  for  this  part  of  the  study  is  a  5-pound-thrust  rocket 
engine  using  NTO  and  MMH  as  propellants.  This  engine  was  developed  by 
Marquardt  and  presently  is  being  used  by  NASA-Lewis  for  contamination 


studies.  The  engine  has  a  chamber  O.d  inches  in  diameter  by  1.07  inches 
long;  i.  e.  ,  a  volume  of  1/S  cubic  inch.  It  is  operated  with  fuel  and  oxidizer 
tank  pressures  of  180  and  165  psia,  respectively,  producing  a  chamber  pres¬ 
sure  of  approximately  100  psia.  The  engine  can  be  operated  from  pulses  of 
a  few  milliseconds  to  durations  of  many  seconds.  A  50  millisecond  pulse 
was  selected  as  the  base  for  the  investigation.  The  following  sections  con¬ 
tain  the  results  of  the  parametric  study  in  the  form  of  graphs  and  tables,  as 
well  as  discussion  of  these  results. 

(a)  The  Effects  of  Geometry 

Throat  area,  chamber  diameter,  and  chamber  length  were 
investigated  with  the  T CC  program.  The  importance  of  these  variables  will 
vary  greatly  with  motor  size.  With  very  small  thrusters  of  the  type  used  as 
a  basis  for  these  calculations,  the  duration  that  droplets  remain  in  the  com¬ 
bustion  chamber  is  a  critical  parameter.  This  droplet  residence  time  is  an 
inverse  function  of  droplet  velocity,  a  direct  function  of  chamber  length  and 
droplet  trajectory,  as  well  as  a  more  complex  function  of  the  result  of  pro¬ 
pellant  hitting  the  inner  surface  of  the  chamber.  Droplet  velocities  are 
dependent  upon  the  momentum  of  the  injected  streams  of  propellant  and  the 
drag  forces  of  the  chamber  gases  upon  individual  droplets.  Therefore,  any 
change  in  geometry  which  causes  a  change  in  gas  velocity  within  the  chamber, 
causes  a  change  in  the  fraction  of  droplets  hitting  the  wall,  or  a  change  in 
the  distance  traveled  by  the  average  droplet  before  leaving  the  chamber  and 
thus  will  affect  the  amount  of  contamination  produced  by  the  motor.  For  the 
thrustor  being  investigated,  the  following  results  were  observed. 

Variation  in  Throat  Area 

When  the  throat  size  is  changed  with  no  other  changes 
made  to  the  system,  several  system  variables  are  affected.  Chamber  pres¬ 
sure  and  propellant  flow  rates  are  two  of  the  major  variables  that  change.  In 
investigating  the  effect  of  throat  area,  two  runs  were  made  with  one 
50-percent  larger  and  one  50-percent  smaller  than  the  base  case.  The  his¬ 
tory  uf  the  cumulative  propellant  ejected  is  shown  in  Figure  A  - 1  1 .  The 
results  are  somewhat  deceptive  in  that  direct  comparisons  between  the  cases 
must  consider  the  difference  in  the  amount  of  propellant  injected.  For  the 
large  throat,  19  percent  of  the  injected  propellant  is  ejected  unburned,  com¬ 
pared  with  18  percent  in  the  base  case,  and  15  percent  for  the  small  throat 
(Table  A-III).  Therefore,  the  greater  amount  of  propellant  ejected  from  the 
motor  with  the  larger  throat  is  almost  entirely  due  to  the  greater  amount  of 
propellant  injected  into  the  chamber.  Two  factors  contribute  to  the  remain¬ 
ing  differences  between  throat  sizes  when  compared  for  the  same  amount 
injected.  First,  when  the  throat  is  enlarged,  the  velocity  of  gas  in  the  cham¬ 
ber  is  increased  significantly.  This,  in  turn,  increases  the  velocity  of  the 
droplets  traveling  toward  the  throat.  Second,  when  the  throat  area  is  larger, 
there  is  a  greater  area  through  which  droplets  may  escape.  Third,  the 
momentum  of  the  stream  of  propellant  into  the  lower  pressure  chamber  is 
greater,  and  the  droplets  have  a  greater  resultant  velocity  after  impingement 
of  the  propellant  streams. 
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Table  A-III.  DISPOSITION  OF  PROPELLANT  INJECTED  INTO  CHAMBER 


Fraction  Ejected 

Fraction  Remaining 

Variation  from  Base  Case 

Unbur ned 

in  Motor  at  60  ms 

None 

0.  182 

0.  0 

Larger  throat  (1.  5x) 

0.  191 

0.  0 

Smaller  Throat  (0.  5x) 

0.  152 

0.  0 

Longer  chamber  (2x) 

0.  081 

0.  0 

Larger  chamber 
(3.  6x) 

0.  168 

0.  0 

Smaller  chamber 
(0.  7 5x) 

0.  187 

0.  0 

Fuel  Valve 

Lag  in  opening  (4ms) 

0.  184 

0.  0 

Lag  in  opening  (9ms) 

0.  217 

0.  009 

Lag  in  closing  (4ms) 

0.  181 

0.  044 

Oxidizer  Valve 

Lag  in  opening  (4ms) 

0.  180 

0.  004 

Lag  in  opening  (9ms) 

0.  181 

0.  023 

Lag  in  closing  (4ms) 

0.  181 

0.  050 

Tank  Pressure 

Higher  fuel  (+35  psi) 

0.  191 

0.  0 

Lower  fuel  (-35  psi) 

0.  148 

0.  001 

Higher  oxidizer 
(+30  psi) 

0.  158 

0.  002 

Lower  oxidizer 

0.  197 

0.  001 

(-30  psi) 

Bulk  Propellant  Temperature 

Higher  (+20 °K) 

0.  151 

0.  0 

Lower  (-20  °K) 

0.  191 

0.  0 

Chamber  Wall 

Hotter  than  decom¬ 
position  Temperature 

0.  187 

0.  0 

Pulse  Length 

20  ms  (0.  4x) 

0.  177 

0.  001 

100  ms  (2x) 

0.  184 

0.  0 
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Variation  in  Chamber  Length 
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A  change  in  chamber  length  directly  affects  the  droplet 
residence  time,  both  in  the  distance  droplets  have  to  travel  to  leave  the 
chamber,  and  in  the  amount  of  the  spray  that  hits  the  wall.  One  run  was 
made  with  a  chamber  twice  as  long  as  with  the  base  case  (Figure  A- 12). 

Only  8  percent  of  the  propellant  was  ejected  unburned,  which  is  the  lowest 
amount  of  any  of  the  situations  investigated.  Less  than  1  percent  of  the 
total  propellant  flow  is  retained  by  the  chamber  wall  in  either  case,  with  all 
of  the  deposition  occurring  in  the  first  8  milliseconds  of  the  start  transient. 
Slightly  less  was  retained  with  the  longer  chamber. 

Variation  in  Chamber  Diameter 

A  change  in  chamber  inside  diameter  affects  gas  velocity 
in  the  chamber,  and  the  resultant  Reynolds  Numbers  and  heat  transfer 
coefficients  along  the  surface.  The  change  in  gas  velocity  will  influence 
droplet  velocity  and  the  resultant  droplet  residence  time.  Two  runs  were 
made  in  which  chamber  diameter  was  varied,  using  values  of  0.  3  and 
0.76  inches  compared  with  0.4  inches  for  the  base  case.  Figure  A-13  shows 
that  contamination  is  relatively  insensitive  to  variations  in  chamber  dia¬ 
meter.  An  increase  of  75  percent  in  gas  velocity  in  the  chamber  causes  an 
additional  3  percent  of  the  injected  propellant  to  be  ejected  unburned.  These 
runs  are  computed  for  the  conditions  of  a  first  pulse.  In  Figure  A- 14,  the 
disposition  of  material  on  the  chamber  wall  is  shown  as  a  function  of  chamber 
diameter.  Of  particular  interest,  this  figure  shows  that  the  time  at  which  the 
wall  is  clear  of  propellant  is  a  strong  function  of  chamber  diameter,  with  the 
wall  clear  of  propellant  at  26  milliseconds  with  the  small  diameter  chamber, 
and  60  milliseconds  with  the  large  diameter  chamber.  Furthermore,  the 
amount  of  film  expelled  is  considerably  less  with  the  smaller  chamber  indi¬ 
cating  that  propellant  on  the  wall  is  being  removed  as  it  flows  towards  the 
throat. 


(b)  Chamber  Wall  Temperature 

One  effect  of  chamber  wall  temperature  on  material  ejected 
from  the  motor  is  shown  in  Figure  A- 15.  This  figure  shows  the  variation 
anticipated  from  the  motor  when  surface  temperature  of  the  chamber  walls  is 
greater  than  decomposition  temperature  of  the  propellant.  For  this  condition, 
the  program  assumes  that  all  droplets  hitting  the  walls  of  the  chamber  bounce 
unbroken  and  unvaporized  back  into  the  chamber.  The  difference  between  the 
material  ejected  for  hot  wall  and  cold  wall  (base  case)  is  not  appreciable  with 
this  small  motor  because  very  small  amounts  of  propellant  hit  the  wall  in 
relation  to  the  amounts  of  propellant  injected  at  base  case  conditions. 

(c)  The  Effect  of  Valve  Operation 

Valve  operation  was  examined  in  more  detail  than  any  other 
variable  with  4  runs  made  with  variations  in  opening  the  valves,  and  two 
runs  made  to  investigate  variations  in  closing  the  valves.  When  one  propel¬ 
lant,  but  not  the  other,  is  flowing  through  the  injector;  the  stream  of 
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propellant  impinges  directly  upon  the  wall.  A  fraction  of  this  propellant 
remains  on  the  surface,  with  the  remainder  rebounding .  One  of  the  weak¬ 
nesses  of  the  present  model  is  in  the  detailed  description  of  the  disposition 
of  propellant  hitting  the  chamber  wall,  but  the  results  should  be  quali¬ 
tatively  correct. 

With  one  valve  is  opened  in  advance  of  the  other,  liquid 
propellant  is  ejected  from  the  motor  at  a  rate  corresponding  to  the  rate  into 
the  chamber  less  the  amount  that  flash  vaporizes  or  sticks  to  the  chamber 
walls  (Figure  A-16).  At  ignition,  the  amount  of  droplets  expelled  from  the 
motor  changes  (approximately)  to  the  amount  of  propellant  unburned  during 
the  combustion  process  (Figure  A- I  7).  The  rate  of  expulsion  of  droplets 
after  ignition  is  approximately  the  same  for  all  cases;  therefore,  the  con¬ 
tamination  before  ignition  is  of  prime  importance.  Figure  A- 18  shows  the 
amount  of  contamination  before  ignition.  The  best  case  is  obviously  a 
simultaneous  operation  of  the  valves.  A  fuel  lead  produces  a  lower  mass 
of  contaminant  than  the  corresponding  oxidizer  lead  because  of  the  lower 
injection  rate.  In  Figure  A- 19,  the  percentage  of  droplets  in  the  exhaust  is 
shown  for  different  valve  operating  conditions.  This  figure  shows  that, 
before  ignition,  a  substantial  amount  of  the  propellant  vaporizes  in  the  cham¬ 
ber;  and  after  ignition,  approximately  18  percent  of  the  propellant  is  ejected 
unburned. 

The  disposition  of  material  on  the  chamber  wall  is  shown 
in  Figure  A-20.  With  a  lead  in  opening  either  valve,  a  substantial  quantity 
of  propellant  is  deposited  on  the  walls  of  the  chamber.  Even  with  the  rela¬ 
tively  long  (9  millisecond)  lead,  the  chamber  walls  are  nearly  clear  by  the 
end  of  the  pulse,  but  significant  amounts  of  the  propellant  sprayed  on  the 
wall  is  removed  by  flowing  out  the  nozzle.  (With  the  9  millisecond  oxidizer 
lead,  nearly  50  percent  of  the  propellant  on  the  wall  at  the  end  of  the  ignition 
period  is  ejected  through  the  nozzle.) 

The  effect  of  valve  closing  sequence  is  shown  in 
Figure  A-21.  The  amount  of  contaminant  produced  is  identical  until  the  first 
valve  is  closed,  and  then  an  additional  amount  of  propellant  is  ejected  accord¬ 
ing  to  the  injection  rate  and  lag  time. 

(d)  The  Effect  of  Tank  Pressure 

A  variation  in  either  fuel  or  oxidizer  tank  pressure  causes 
a  shift  in  the  relative  injection  rates.  This  affects,  the  system  in  two  major 
ways.  First,  the  change  in  the  momentum  of  one  of  the  injected  propellant 
streams  occurs,  causing  a  shift  in  the  beta  angle.  A  change  in  tank  pressure 
can,  therefore,  cause  a  significant  change  in  the  fraction  of  propellant  hitting 
the  chamber  walls.  The  second  major  change  is  in  the  oxidizer-fuel  ratio 
and  the  resultant  chamber  temperature.  Four  runs  were  made  in  which  tank 
pressure  was  varied. 
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Figure  A-18.  The  Effect  of  Valve  Operation  on  Propellant  Ejected  Before  Ignition 


Figure  A-20.  Disposition  of  Material  on  Chamber  Wall  as  a  Function  of  Valve  Operation 
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Figure  A-21.  The  Effect  of  Valve  Closing  on  Material  Ejected  from  Motor 


Figure  A-22  shows  the  effect  of  fuel  tank  pressure.  The 
expulsion  mechanism  changes  at  low  fuel  tank  pressure  where  a  substantial 
fraction  of  the  material  ejected  from  the  nozzle  is  material  that  flows  along 
the  chamber  walls  to  the  throat.  This  is  shown  more  clearly  in  Figure  A-23. 
In  the  low  pressure  case,  the  propellant  on  the  walls  of  the  chamber  builds 
up  to  an  equilibrium  value  after  30  milliseconds.  In  both  the  overpressur¬ 
ized  and  under  pressurized  case,  propellant  is  sprayed  on  the  chamber  walls 
at  the  end  of  the  pulse. 

Figure  A-24  shows  the  effect  of  oxidizer  tank  pressure  on 
material  ejected  from  the  motor.  Either  a  higher  or  lower  pressure  causes 
a  smaller  amount  of  propellant  to  be  ejected  from  the  motor,  but  the  reason 
differs.  With  the  smaller  tank  pressure,  less  propellant  is  injected  into  the 
chamber,  and  although  a  higher  fraction  of  the  injected  propellant  is  ejected 
unburned,  (Table  A  -  III ) ,  the  absolute  amount  decreases.  With  higher  oxi¬ 
dizer  tank  pressure,  more  propellant  is  injected  into  the  chamber  but, 

(1)  combustion  is  improved  and  (2)  less  fuel  is  injected.  These  two  factors 
apparently  produce  the  observed  result.  Inside  the  motor,  material  is 
deposited  upon  the  chamber  walls  at  a  greater  rate  with  the  higher  or  lower 
tank  pressure  as  compared  to  the  base  case.  Figure  A-25  shows  that  pro¬ 
pellant  is  sprayed  on  the  wall  at  the  beginning  and  end  of  a  pulse  for  both  the 
higher  and  lower  oxidizer  tank  pressure.  The  propellant  on  the  chamber 
wall  appears  to  approach  an  equilibrium  thickness  after  a  period  of  several 
milliseconds,  with  propellant  spraying  on  the  wall  at  the  same  rate  as  mate¬ 
rial  burns  off  and  dribbles  out  the  throat. 

The  oxidizer-fuel  ratio  is  a  strong  function  of  tank  pres¬ 
sure.  Table  A-IV  shows  O/F  ratio  for  the  various  tank  pressure  conditions. 
This  table  also  illustrates  the  variation  between  the  O/F  ratio  based  on 
injected  propellant  and  one  based  on  propellant  vaporized  in  the  chamber. 


Table  A-IV.  THE  EFFECT  OF  TANK  PRESSURE 
ON  CHAMBER  CONDITIONS 


F  uel 
Tank 
Pressure 

Oxidizer 

Tank 

Pressure 

Maximum 
Chamber 
Pr  e  s  sure 

Equilibrium 

Chamber 

Pressure 

Mixture  Ratio 
Based  on 
Injected 
Propellant 

Mixture  Ratio 
Based  on 
Vaporized 
Propellant 

145 

1 6  5 

148 

96 

2.  10 

3.  02 

180 

16  5 

134 

103 

1.  59 

2.  45 

2  15 

1 6  5 

139 

107 

1.  30 

2.  00 

180 

135 

123 

94 

1.  23 

1.  88 

180 

1  95 

160 

111 

1.  96 

2.  87 
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Figure  A-22.  The  Effect  of  Fuel  Tank  Pressure  on  Material  Ejected  from  Motor 
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Figure  A-23.  The  Effect  of  Fuel  Tank  Pressure  on  Material  Deposited  on  Wall 
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An  0/F  ratio  determined  experimentally  is  based  on  injected  propellant 
rates,  but  the  O/F  ratio  based  on  the  amount  of  propellant  vaporized  in  the 
chamber  is  the  value  of  importance  in  performance  calculations.  The  vari¬ 
ation  between  the  two  bases  is  quite  substantial  in  this  motor.  For  the  base 
case,  the  experimental  O/F  ratio  is  1.  6,  but  the  O/F  ratio  of  the  vapor  in 
the  chamber  is  2.  45,  almost  exactly  the  theoretical  O/F  ratio  for  maximum 
ISP.  Peak  pressures  are  also  indicated  in  Table  A-IV.  Higher  oxidizer 
tank  pressure  in  relation  to  fuel  tank  pressure  produces  a  higher  spike  at 
ignition.  Tables  A-III  and  A-IV  show  that  the  same  conditions  that  produce 
a  higher  peak  pressure,  cause  a  smaller  fraction  of  injected  propellant  to 
be  ejected  unburned. 


(e)  The  Effect  of  Propellant  Temperature 

The  propellant  temperature  effects  the  steady 
operation  of  the  engine  by  changing  the  propellant  density,  viscosity,  and 
surface  tension,  which  are  all  important  in  determining  impinging  -  stream 
atomization  droplet  size.  Propellant  temperature  also  strongly  affects  the 
pre-ignition  conditions  in  the  chamber.  The  flashing -atomization  threshold 
of  the  injected  streams,  the  amount  flashed  when  stream  flashing  does  occur, 
and  the  combustion  chamber  vapor  temperature  and  pressure  are  strongly 
sensitive  to  propellant  temperature.  The  most  important  effects  illustrated 
in  Figure  A-26  are  those  of  impinging  stream  droplet  size.  A  20°  C  increase 
in  propellant  temperature  decreases  ejected  droplet  mass  by  21  percent, 
while  a  2C°  C  decrease  in  propellant  temperature  increases  the  ejected 
droplet  mass  by  7  percent  compared  to  the  base  case.  The  masses  of  wall 
film  expelled  are  decreased  33  percent  or  increased  40  percent,  respec¬ 
tively,  by  the  same  changes.  Although  postfiring  dribble  calculations  are 
not  shown  here,  propellant  temperature  is  quite  important  in  determining 
dribble  rates  through  the  effect  on  vapor  pressure. 

(f)  The  Effect  of  Pulsing 

From  the  single  pulse  runs  made  in  this  study,  some 
information  concerning  multiple  pulses  have  been  obtained.  Major  differ¬ 
ences  of  a  second  pulse  following  the  first  include  (1)  propellant  left  on  the 
chamber  wall  from  the  first  pulse,  and  (2)  the  condition  of  dribble  volumes. 
The  dribble  volumes  can  drain  during  the  time  between  pulses  so  that  the 
second  pulse  can  start  with  (1)  both  dribble  volumes  full  of  propellant  for 
very  short  down  times,  (2)  the  fuel  dribble  volume  full  and  the  oxidizer 
dribble  volume  empty  for  some  longer  down  time,  or  (3)  both  dribble  volumes 
empty  at  some  still  longer  down  time.  Furthermore,  the  engine  hardware 
may  be  hot  and  the  propellant  in  the  dribble  volumes  for  the  second  pulse  can 
be  at  a  temperature  substantially  greater  than  bulk  propellant  temperature. 
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Figure  A-26.  The  Effect  of  8ulk  Fuel  Temperature  on  Material  Ejected  from  Motor 
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(g)  The  Effect  of  Dribble  Volume 


The  effect  of  propellant  in  the  dribble  volume  is 
illustrated  in  Figure  A -21,  When  both  dribble  volumes  are  full,  propellant 
enters  the  chamber  immediately  after  the  valves  open  and  ignition  occurs  in 
less  than  one  millisecond,  compared  with  ignition  times  of  4.4  and  4.6  milli¬ 
seconds  in  the  other  cases.  Comparison  of  contamination  (droplets  ejected) 
should  be  made  as  a  function  of  time  after  ignition  rather  than  on  the 
absolute  time  scale  used  in  Figure  A-27.  On  this  basis,  both  dribble 
volumes  full  or  both  empty  produce  lower  contamination  than  fuel  full  and 
oxidizer  empty.  The  differences,  however,  are  not  substantial  for  this 
particular  engine,  because  of  its  very  small  dribble  volumes.  In  Fig¬ 
ure  A-28,  the  effect  of  heating  the  propellant  in  the  dribble  volumes  has 
been  illustrated.  Although  previous  work  has  found  this  parameter  to  be 
important  in  motors  with  substantial  dribble  volumes,  very  little  effect  is 
found  for  this  engine  design. 


The  amount  of  material  left  on  the  chamber  wall  at  the 
end  of  a  pulse  is  a  function  of  many  variables,  and  this  condition  is  discussed 
at  other  locations  in  this  section.  Generally,  the  propellant  sprayed  on  the 
wall  during  the  start  transient  burns  off  within  40  milliseconds  with  this 
motor.  Variations  from  this  norm  occur  when  tank  pressures  are  varied 
from  normal  (Figures  A-23  and  A- 2  5  or  geometry  is  changed  (Figure  A- 14). 
Furthermore,  a  lag  in  closing  either  oxidizer  or  fuel  valve  leaves  propellant 
on  the  chamber  wall  at  the  end  of  the  pulse  (Figure  A-20).  If  the  heat  trans¬ 
fer  to  the  chamber  wall  is  sufficient  to  heat  the  surface  to  temperature 
greater  than  decomposition  temperatures  of  the  propellant,  the  surface 
remains  clear  of  propellant  (Figure  A- 15). 


(4)  Conclusions 

The  conclusions  are  drawn  from  the  results  discussed  in  the 
last  section  which  are  based  on  a  relatively  small  engine.  Careful  inter¬ 
pretation  of  the  results  has  been  emphasized  in  the  discussion  of  the  results 
presented  in  Subsection  A.  2e(3).  The  following  conclusions  are  noted: 

1.  Geometry  —  Contamination  resulting  from  propellant  ejected 
unburned  from  an  engine  is  affected  by  chamber  geometry. 

This  is  particularly  true  for  chamber  length  where  an  increase 
significantly  reduces  the  amount  of  propellant  ejected  unburned. 
This  is  attributed  to  the  longer  residence  time  of  droplets 
in  the  chamber.  An  increase  in  chamber  diameter  causes 
some  reduction  in  propellant  ejected  due  to  lower  gas  velocities 
in  the  chamber,  but  the  velocity  of  droplets  large  enough  to 
be  ejected  is  apparently  a  stronger  function  of  initial  momentum 
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Figure  A-27  The  Effect  of  Draining  Dribble  Volume  Between  Pulses 


not  reproducible 


MATERIAL  E-iEX-nE©  C  NrtlLU&WMA*') 


n  *.\j  *. 


Figure  A-28.  The  Effect  of  Heat  Transfer  to  Propellant  Remaining  in  Dribble  Volumes  Between  Pulses  on 
Material  Ejected  from  the  Motor 


than  gas  drag.  A  reduction  in  throat  area  results  in  less  propellant 
being  ejected  unburned  from  the  motor,  but  not  significantly  less, 
and  in  view  of  the  other  changes  on  the  system,  a  variation  of  this 
parameter  for  contamination  control  is  unlikely. 

2.  Valve  Operations —To  expel  a  minimum  mass  of  droplets  during 
delivery  of  a  specified  total  impulse,  both  valves  should  operate  as 
nearly  simultaneously  as  possible.  Less  droplet  mass  is  expelled 
when  valves  open  with  a  fuel  lead  than  with  an  oxidizer  lead  of  the 
same  duration,  mainly  due  to  the  lower  injection  rate.  With  an 
oxidizer  lead,  significant  amounts  of  the  propellant  flow  out  of  the 
nozzle.  With  a  fuel  lead  less  flows  out  the  nozzle  and  more  burns 
off  the  chamber  wall.  The  effect  of  a  non -simultaneous  valve  clos¬ 
ing  is  to  leave  substantial  amounts  of  propellant  on  the  wall  at  the 
end  of  the  pulse,  as  well  as  ejecting  propellant  as  long  as  the  valve 
is  open. 

3.  Tank  Pressure— A  variation  in  either  oxidizer  or  fuel  pressure 
from  the  norm  causes  an  increased  amount  of  propellant  to  be 
sprayed  on  the  chamber  walls.  If  the  shift  in  beta  angle  is 
sufficiently  great,  propellant  is  sprayed  on  the  chamber  walls 
throughout  the  pulse  and  the  amount  on  the  wall  establishes  an 
equilibrium  value  where  the  amount  of  propellant  sprayed  on  the 
wall  equals  the  amount  vaporizing  or  burning  off  plus  the  amount 
flowing  out  the  nozzle.  Tank  pressure  variation  also  causes  a  shift 
in  oxidizer-fuel  ratio  and  the  resultant  temperature  of  the  gas  in  the 
chamber  which  affects  the  vaporization  rate  of  the  propellant.  The 
maximum  or  peak  pressure  at  ignition  is  also  a  function  of  tank 
pressure.  Propellant  is  sprayed  on  the  wall  at  the  end  of  the  pulse 
when  tank  pressure  is  varied  from  the  norm. 

4.  Pulsing —  Major  differences  between  the  start  of  a  second  pulse  and 
the  start  of  the  first  pulse  are  (1)  propellant  may  be  left  on  the 
chamber  walls  from  the  first  pulse,  and  (2)  the  dribble  volumes 
may  be  full  or  partially  full  of  propellant.  Furthermore,  the 
propellant  left  in  the  dribble  volumes  may  absorb  some  of  the  heat 
from  the  system  between  pulses.  For  the  conditions  investigated, 
for  this  engine,  very  little  effect  was  observed  for  the  variation  of 
initial  conditions  of  the  dribble  volumes. 


A.  3  NUMERICAL  INTEGRATION  METHOD 

The  numerical  solution  of  sets  of  differential  equations  can  be  accom¬ 
plished  using  a  number  of  different  techniques.  The  simplest  technique  is 
Euler's  method.  In  this  method,  the  next  value  for  each  dependent  variable 
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is  obtained  by  linear  extrapolation  of  the  present  value  using  the  first  deriva¬ 
tive  calculated  at  the  present  value.  For  a  time-dependent  function: 
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where  V  may  be  any  variable  value  defined  by  a  differential  equation. 

Other  methods  of  numerical  integration  are  available  in  which  higher 
order  derivatives  are  calculated  and  used: 
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The  use  of  higher  order  derivatives  often  allows  larger  values  for  At  to 
be  used  without  introducing  excessive  error  or  instability.  A  penalty  must 
be  paid  for  the  use  of  the  higher  order  derivatives.  In  the  present  calcula¬ 
tions,  any  higher  order  derivatives  would  have  to  be  estimated  numerically 
by  taking  differences  between  previous  values  for  the  variables.  Since 
15,  000  computer  storage  locations  are  required  to  contain  the  current  values 
for  the  droplet  array,  the  requirement  that  previous  values  be  kept  also 
would  drastically  increase  the  already  large  computer  storage  requirement. 

A  further  argument  against  the  use  of  a  higher-order  integrating  scheme  is 
that  many  of  the  physical  processes  which  are  modeled  do  not  have  contin¬ 
uous  derivatives.  The  feed  system  flow  rates  vary  dis continuously  when  the 
dribble  volumes  fill  up.  The  chamber  gas  properties  and  droplet  burning 
rates  vary  dis  continuously  when  the  chamber  contents  ignite.  The  propellant 
primary  atomization  droplet  size  varies  dis  continuously  when  a  decrease  in 
chamber  pressure  or  an  increase  in  Weber  number  causes  flashing  to  com¬ 
mence.  When  even  the  first  derivative  is  not  continuous,  it  is  pointless  to 
think  of  approximating  higher  order  derivatives. 

One  way  that  the  Euler  method  can  be  improved  in  the  solution  of  certain 
physical  problems  is  by  limiting  variables  to  their  physically  defined  asym- 
totic  values.  The  time  interval  chosen  for  the  calculations  is  based  mostly 
upon  the  response  time  of  the  chamber  pressure.  If  a  fuel  droplet  is  injected 
which  is  so  small  that  it  would  burn  up  completely  in  less  than  one  computing 
time  interval,  then  Equation  A-64  would  predict  that  it  would  burn  to  a 
negative  diameter  in  one  time  interval  and  contribute  more  than  one  hundred 
percent  of  its  mass  to  the  gas  phase.  Obviously  a  real  burning  droplet  has 
an  asymtotic  value  of  zero  for  its  diameter  and  mass.  Hence  it  is  appro¬ 
priate  to  limit  the  derivative  to  a  value  which  will  just  consume  the  droplet 
completely  in  one  computational  time  interval.  Doing  this  will  obviously 
assign  an  incorrect  value  to  the  droplet  burning  rate,  but  will  yield  a  value 
for  chamber  pressure  at  the  end  of  the  interval  which  is  correct.  Several 
other  derivatives  are  limited  to  known  asymtotic  values.  Droplets  being 
accelerated  by  aerodynamic  drag  forces  will  not  exceed  the  local  velocity  of 
the  gas  which  is  accelerating  them,  feed  system  flow  rates  will  not  acceler¬ 
ate  past  the  steady-state  flow  rate  corresponding  to  the  current  pressure 
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drop.  The  instructions  for  limiting  the  value  of  the  derivatives  are  all 
written  so  as  to  properly  consider  flow  rates  and  velocities  approaching 
from  either  side  of  the  asymtotic  value.  It  should  be  emphasized  that  this 
derivative -limiting  procedure  is  to  stabilize  the  calculations  for  exceptional 
conditions,  and  that  most  of  the  calculations  are  made  according  to 
Equation  A -64. 

a.  Computational  Methods  for  Droplet  Arrays 

The  methods  used  for  the  calculation  of  droplet  combustion  and 
trajectories  differ  according  to  the  generality  or  restriction  of  the  particular 
case.  Three  methods  will  be  described  to  illustrate  the  similarities  and 
differences.  The  first  two  methods  illustrate  the  historical  development  of 
droplet  analysis  of  rocket  engine  combustion  chambers. 

(1)  Steady -State  Chamber  with  Monodisperse  Droplets 

The  simplest  case  is  that  of  axially  directed  monodisperse 
droplets  in  a  steady  chamber.  All  of  the  droplets  injected  as  a  group  at  any 
particular  time  will  behave  alike,  and  the  droplet  group  injected  at  any  par¬ 
ticular  time  will  behave  the  same  as  any  other  group  introduced  at  any  other 
time.  Thus,  knowing  the  mass,  velocity  and  position  history  for  any  one 
droplet  yields  a  general  solution  for  the  entire  combustion  chamber.  The 
aerodynamic  drag  force  and  evaporation  rate  for  a  droplet  may  be  computed, 
and  the  successive  values  for  mass,  velocity  and  location  may  be  calculated 
for  a  sequence  of  time  steps  in  a  very  straightforward  manner: 


M(t  +  At) 
V(t  +  At) 


M(t)  "  fyt)  At 

V/t)  +  *  At 
M(t) 


X(t  +  At)  =  X(t)  +  V(t)  At 

U(t  +  At)  =  U(t)  +  -p^  NM(t)  At 


(A -66) 
(A-67) 
(A-68) 
(A-69) 


Where  M  is  the  mass  of  a  droplet,  iVl  is  the  evaporation  rate  of  the  droplet, 

V  is  the  velocity  of  the  droplet,  F  is  the  aerodynamic  drag  force  acting  on 
the  droplet,  X  is  the  axial  location  of  the  droplet,  U  is  the  combustion  gas 
velocity,  N  is  the  number  of  droplets  in  the  group,  P  is  the  density  of  the 
combustion  gas,  and  A  is  the  cross-sectional  area  of  the  chamber.  Since  U 
and  X  are  both  functions  of  t,  U(X)  is  defined.  This  was  the  method  used  by 
Priem  to  evaluate  chamber  conditions  with  uniform  droplets  (Reference  8). 
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(2)  Steady-State  Chamber  with  Distributed  Droplet  Sizes 


When  the  droplets  produced  by  the  injector  are  distributed  in 
initial  diameter,  the  calculations  are  less  straightforward.  The  small 
droplets  are  accelerated  by  aerodynamic  forces  much  more  rapidly  than  the 
large  droplets,  hence,  if  the  droplets  are  initially  together  at  some  partic¬ 
ular  place  and  time,  they  will  be  separated  a  short  interval  of  time  later. 
For  this  reason,  the  same  time  interval  cannot  be  used  by  all  the  different 
sized  droplet  groups  to  progress  from  one  axial  location  to  the  next.  In  the 
steady- stage  chamber,  no  generality  is  lost  by  summing  up  combustion  gas 
contributions  from  large,  medium  and  small  droplet  groups  which  originated 
at  different  times,  but  which  happen  to  be  at  the  desired  axial  location  in  the 
chamber  at  the  time  the  gas  velocity  summation  is  made.  In  marching  down 
the  chamber  to  dflVfllop  the  p?  *,  v,  Tartly  jir  file  an  avi=>|  djsianfr  interval  iG 
chosen,  and  then  the  time  interval  required  for  each  different  droplet  size 
group  to  traverse  the  distance  is  calculated.  The  evaporation  and  accelera- 
tiiaj  ‘■ffmrfcs  for  .sdi  iruplut  the  group  mu  Ft  -r  rVsJtjaLmi  viuiiLjj  it?  uvn 
correct  time  interval. 

Ati  =  (A-70) 

vi{x) 

^i(x  +  Ax)  ~  ^i(x)  “  ^i(x)  Atj.  (A-71) 

Vi(x  +  Ax)  =  Vi(x)  +  Ati  <A'72> 


^(x  +  Ax) 


U(x)  + 


Ati 


(A-73) 


The  subscript  i  is  used  to  distinguish  between  the  various  groups  of  different 
sized  droplets.  This  is  the  method  vised  by  Priem^  and  later  by  Lambiris^ 
to  calculate  chamber  profiles  with  distributed  droplet  sizes.  The  Dynamic 
Science  approach^  differed  only  in  having  groups  of  oxidizer  droplets  as 
well  as  fuel  droplets. 

It  is  apparent  that  the  previous  methods  depend  very  strongly 
upon  the  assumption  of  steady  conditions  in  the  chamber  and  cannot  be  used 
to  calculate  the  unsteady  state.  There  are  other  more  subtle  restrictions, 
the  methods  cannot  be  used  for  droplets  injected  in  the  reverse  direction, 
etc. 


(3)  Unsteady-State  Chamber  with  Distributed  Droplets 

The  method  used  in  the  present  program  differs  from  the  ear¬ 
lier  methods.  Instead  of  following  one  or  a  few  droplet  groups  progressively 
down  the  length  of  the  chamber,  the  entire  chamber  population  of  droplets  is 
represented  simultaneously  and  reexamined  at  each  time  interval.  When  this 
method  is  used,  a  larger  computer  memory  is  required  in  order  to  store  the 
description  of  the  entire  droplet  population  of  the  chamber,  and  more 
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computing  time  is  required  since  all  of  the  droplet  groups  constituting  the 
entire  population  are  examined  at  each  time  interval,  however  it  is  now 
possible  to  calculate  time -varying  behavior  and  it  is  simple  to  calculate 
droplet  motion  in  one,  two  or  three  dimensions  with  no  arbitrary  restrictions. 
The  mass,  velocity  and  location  for  each  droplet  group  in  the  chamber  is 
recalculated  at  each  time  interval: 


M: 


V. 


Mi(t)  - 

Mi(t)  At 

(A-74) 

Vi(t)  + 

<1 

CT  2 
—  ~ 

(A- 75) 

Xi(t)  + 

Vi(t)  ^ 

(A-76) 

The  forces,  velocities  and  locations  may  be  treated  as  being  one,  two  or 
three  dimensional  with  no  difficulty. 


The  axial  gas  velocity  may  be  calculated  at  any  axial  chamber 
location,  based  upon  a  mass  balance  on  the  upstream  region.  In  its  present 
form,  this  calculation  depends  upon  the  assumption  that  the  gas  in  the  cham¬ 
ber  is  well  mixed  and  has  a  constant  density  (i.  e.  ,  no  gradients  in  composi¬ 
tion,  temperature  or  pressure). 


U 


x 


Mx 

PA 


(A-77) 


M  =  Evaporation  rate  upstream  of  X —Accumulation  Rate  Upstream  of  x 


Mx 


£  NiMi 

ALL  groups  upstream  of  x 


Vx 

- 


-M 


YNiMi  .....  . 

1  1  Nozzle 

ALL  groups  in  chamber 


(A-7  8) 


Wliere  Vx  is  volume  upstream  of  x  and  Vc  is  total  chamber  volume.  In  the 
present  program  tlie  axial  gas  velocity  is  calculated  at  eacli  of  one  hundred 
equally  spaced  intervals  and  interpolated  between  these  points. 

b.  Integrating  Time  Interval 

When  gas  is  flowing  from  a  cliamber  through  a  sonic  throat,  the 
mass  flow  rate  is: 


o 


A,  P 

t  c 


(Y+1)/(Y-1) 


(A-79) 
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The  mass  stored  in  the  chamber  is: 


M 


Pc  Vc  Wm 
RT 


(A-80) 


The  ratio  of  M/M  is  often  referred  to  as  "gas  residence  time"  and  is  a 
rough  measure  of  how  fast  the  chamber  pressure  can  fall  by  flow  through  the 
nozzle.  When  equations  A -79  and  A-80  are  combined  and  simplified: 


gas  residence  time 


Ac 
Lc  At 


(\+  1)/(Y  -  1) 


(A-  8 1 ) 


When  this  is  evaluated  using  the  values  =  1.25,  (Ac/Af.)  =  4,  ac  = 

3600  feet/second  and  Lc  =  1.0  inch,  a  value  of  0.  17  millisecond  is  obtained 

for  gas  residence  time.  It  is  obvious  that  if  normal  pressure  changes  are  to 
be  modeled  with  sufficient  accuracy,  the  integrating  time  interval  must  be 
considerably  less  than  the  gas  residence  time  of  the  particular  chamber. 

Fuel  and  oxidizer  droplets  are  introduced  at  the  injector  end  of  the 
chamber  and  move  downstream  with  a  velocity  which  depends  upon  the  axial 
injection  velocity  and  the  subsequent  aerodynamic  drag.  To  maintain 
sufficient  accuracy  in  the  calculation  of  the  droplet  trajectory  and  mass 
history,  a  sufficient  number  of  calculations  must  be  made  during  the  stay 
time  of  a  droplet  in  the  chamber.  Droplet  staytime  may  be  estimated  as 
chamber  length  divided  by  average  droplet  axial  velocity.  A  reasonable 
estimate  for  axial  velocity  is  100  feet/second.  Hence,  for  a  chamber  one 
inch  long  the  droplet  stay  time  is  on  the  order  of  0,  8  millisecond, 

In  addition  to  the  obvious  restraints  on  maximum  integrating  time 
interval,  there  is  a  more  subtle  restraint  on  minimum  time  interval.  At 
each  time  interval  the  axial  gas  velocity  profile  in  the  chamber  is  calculated 
based  upon  the  mass  of  newly  formed  combustion  gas  which  must  be  moved 
to  restore  the  chamber  to  a  uniform  density  and  pressure.  If  an  extremely 
short  time  interval  is  taken,  it  is  possible  that  in  some  unusual  cases,  gas 
velocities  will  be  calculated  which  are  higher  than  are  physically  possible. 
This  would  introduce  error  in  the  velocity- sensitive  functions  such  as  drop¬ 
let  burning  rate,  drag,  wall  film  flow  and  wall  film  burnoff.  If  the  chamber 
is  viewed  as  a  closed-closed  organ  pipe  a  pressure  relaxation  physically 
requires  one  quarter  of  an  acoustic  period,  i.  e.  , 


At 


Lc 
2  ac 


(A  -  82) 
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This  sets  0.  01Z  millisecond  as  a  minimum  time  interval  for  a  combustion 
chamber  one-inch  long. 

Since  the  maximum  and  minimum  permissible  time  intervals  often 
differ  considerably,  there  is  leeway  to  trade  off  computer  expense  against 
precision  of  calculation.  Most  of  the  computations  reported  here  were  done 
near  the  maximum  acceptable  value  for  time  interval  to  reduce  the  computa¬ 
tion  expense. 

A.  4  PROGRAM  OVERLAY  STRUCTURE 


GRAPH 


A.  5  SUBROUTINES 

There  are  six  subroutines  used  in  COMPUT  to  calculate  physical 
properties  of  the  propellants  and  to  calculate  chamber  wall  shear  stresses 
associated  with  the  combustion  chamber  gas  flow. 

a.  Subroutine  REDRHO  (TRED) 

Approximates  the  reduced  density  of  a  liquid  as  a  function  of 
reduced  temperature  along  the  saturation  line,  based  upon  the  curves  of 
Hougen  and  Watson: 
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b.  Subroutine  RED  ROD  (TRED) 


Approximates  the  reduced  density  difference  (reduced  density  of 
the  liquid  minus  reduced  density  of  the  vapor)  as  a  function  of  reduced 
temperature,  along  the  saturation  line,  Based  upon  the  curves  of  I-Iougen 
and  Watson,  the  law  of  rectilinear  diameters,  and  some  supplementary 
physical  property  data: 


0.  8  >  T  f>  =  3.  97  -  1.  91  T 

r  d  r 


1.  0  >  T  >  0.  8  P,  =  -2.  21  +  2.  21  T  -I-  2  34.  7  T  -  25.  T  2  -  9.  7 

r  d  r  -  r  r 


1.  0  >  T  P,  =  0.  0 

r  d 


c.  Subroutine  HCONDF  (TEMP) 

Approximates  the  enthalpy  of  the  condensed  phase  fuel  as  a  function 
of  temperature: 


T,  >T 

freeze 


T  >  T 


freeze 


T  +  AH 


fusion 


d.  Subroutine  HCONDO  (TEMP) 


Approximates  the  enthalpy  of  the  condensed  phase  oxidizer  as  a 
function  of  temperature.  Same  as  HCONDF  except  with  correct  Cp  and 
heat  of  fusion  for  the  oxidizer. 


e.  Subroutine  REDVIS  (TRED) 


Approximates  the  reduced  viscosity  of  the  liquid  as  a  function  of 
reduced  temperature  along  the  saturation  line  up  to  the  critical  temperature, 
and  the  reduced  viscosity  of  the  gas  along  the  P  =  0  line  above  the  critical 
temperature. 


p  =  0.  55  T 

~r  r 


■5.  68 


>  0.  6 


P  =  2,  0  T 
r 


-3.  15 


T  =  1.  0  p  =  1.  0 
r  'r 


f.  Subroutine  FANFAC  (RENCH) 

Approximates  the  Fanning  Friction  Factor  as  a  function  of  Reynolds 
number  based  upon  chamber  diameter: 

16  >  Re  f  =  1.0 

2,  000  >  Re  >  16  f  =  16  Re"  1  ’  0 

Re  >  2000  f  =  0.06028  Re"0-2113 
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A.  6  PROGRAM  USERS  MANUAL 


The  TCC  program  is  the  first  link  of  the  CONTAM  computer  program. 

It  may  be  run  as  a  subprogram  to  CONTAM  under  control  of  subroutine 
EXEC  (Link  0,  0)  or  as  an  independent  program.  The  TCC  program  requires 
150,000  words  of  core  and  is  written  in  Fortran  IV. 

a.  Input 

A  data  set  consists  of  264  data  values.  These  are  normally  punched 
four  to  a  card  on  64  cards.  These  numbers  describe  the  engine,  propellants, 
operating  conditions  and  a  number  of  general  instructions  or  choices  of 
program  options. 

The  data  is  loaded  using  the  INPUT  1  input  editor  (included  as  a 
subroutine  in  Link  0,  0).  The  Input  1  data  cards  are  each  punched  with  the 
values  of  four  items  of  data  and  with  the  item  numbers  which  identify  what 
the  particular  data  entries  are,  i.  e.,  Data  Item  number  1  is  the  chamber 
length,  data  item  number  2  is  the  chamber  cross-sectional  area  at  the 
injector  end,  etc.  In  punching  cards  to  be  read  by  INPUT  1,  Card  Column  1 
is  punched  with  a  1  to  indicate  that  Input  1  is  being  used.  Card  columns  2 
through  6  are  punched  with  a  data  item  number,  card  columns  7  through  15 
and  16  through  17  are  punched  with  a  data  value  in  scientific  notation,  i.  e.  , 
a  decimal  value  less  than  one  and  the  exponent  of  10  required  to  give  the 
correct  magnitude.  If  a  minus  sign  is  required  for  either  the  decimal  frac¬ 
tion  or  the  exponent  it  is  overpunched  over  the  number  in  columns  7  or  16. 

The  other  three  data  fields  on  the  card  are  each  treated  the  same  way  as 
the  first,  with  5  columns  used  for  the  data  item  number  and  11  columns  used 
for  the  fraction  and  exponent  representing  the  data  value.  The  case  number 
should  be  punched  in  card  columns  71  through  73  and  card  columns  66  through 
70  should  be  punched  with  zeros  unless  the  data  editor  capabilities  are  to  be 
used.  The  use  of  the  data  editor  will  not  be  described  here.  The  program  is 
written  to  run  only  one  case  at  a  time. 

The  first  step  in  the  program  reads  the  data  and  then  prints  it  along 
with  descriptive  headings.  This  makes  it  easy  to  review  the  data  to  insure 
that  all  the  values  have  been  written,  punched  and  entered  correctly.  The 
first  program  option  is  to  terminate  the  run  at  this  point,  to  permit  a  new 
set  of  data  to  be  examined  thoroughly  before  time  is  spent  on  calculations. 

The  input  data  to  this  program  is  sufficiently  complicated  that  occasional 
mistakes  in  entering  the  data  may  be  expected  and  careful  periodic  exami¬ 
nation  of  the  contents  of  the  data  deck  is  highly  recommended. 
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Certain  of  the  data  entries  are  not  required  for  particular  calculations 
and  may  be  omitted  (set  to  zero  by  the  data  editor).  For  a  chamber  of 
constant  cross-section  items,  3  and  4  may  be  omitted.  For  a  computed 
vacuum  hypergolic  ignition,  items  33,  34,  35,  and  36  are  omitted.  When  an 
igniter  is  used,  items  33,  37,  3  8,  3  9  and  40  are  omitted.  When  sea-level 
hypergolic  ignition  is  being  simulated  by  assigning  a  value  for  ignition  delay, 
items  34,  35,  36,  37,  38,  39,  and  40  are  omitted.  If  injector  heating  of 
propellant  and  post-firing  dribble  are  unimportant,  the  transition  volumes 
(59  and  83)  and  the  dribble  volumes  (60  and  84)  may  be  omitted.  The  mono 
propellant,  burning-rate  constants  (126,  127,  128,  146,  147,  148)  are 
omitted  for  materials  which  do  not  burn  in  a  mono  propellant  mode.  When 
droplet  trajectories  are  not  desired,  items  209,  210,  and  211  are  omitted. 
When  flow  r  e  overrides  are  not  desired,  213,  214,  215,  217,  218,  and  219 
are  omitted.  When  multiple  pulses  are  not  desired,  233  to  264  are  omitted. 
The  option  flags  arc  all  set  to  zero  for  "normal"  calculations,  so  they  may 
all  be  omitted  unless  an  option  is  specifically  desired. 

The  data  is  printed  out  four  numbers  to  a  line,  so  that  each  line  printed 
represents  one  card  of  input  (Table  A-29).  Occasional  unused  data  entries 
have  been  retained  so  as  to  separate  the  data  deck  into  discrete  sections 
which  can  be  replaced  or  exchanged  as  a  unit.  The  sections  have  the 
descriptive  headings:  CHAMBER  DESCRIPTION,  OPERATING  CONDITIONS, 
FIRST  BURN  VALVE  TIMING,  IGNITION  DESCRIPTION,  etc. 


The  data  entries  are  as  follows: 


Item 
Numbe  r 

Desc  ription 

Units 

1. 

Chamber  Length 

Inches 

2. 

A 

Square  Inches 

3. 

B 

Square  Inches/ 
Inch 

4. 

C 

Square  Inches/ 
Inch  Squared 

[The  Chamber  Cross-Sectional  Area  is  Curve- 
fitted  as  a  polynomial,  S  =  A  +  BX  +  CX^] 
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Item 

Number 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 


35. 


Description 


Blank 

Blank 

Oxidizer  Valve  Opening  Time 

(Mechanical  Ramp  Duration,  not  Electrical 
Time) 

Blank 

Oxidizer  Valve  Closing  Time 

(Mechanical  Ramp  Duration,  not  Electrical 
Time) 

Fuel  Valve  Opening  Time 

(Time  First  Valve  Motion  Occurs  Opening  for 
First  Firing) 

Oxidizer  Valve  Opening  Time 

(Time  First  Valve  Motion  Occurs  Opening  for 
First  Firing) 

Fuel  Valve  Closing  Time 

(Time  First  Valve  Motion  Occurs  Closing  for 
First  Firing) 

Oxidizer  Valve  Closing  Time 

(Time  First  Valve  Motion  Occurs  Closing  for 
First  Firing) 

Assigned  Ignition  Delay 

(For  Sea-Level  Hypergolic  Starts  an  Experi¬ 
mental  Value  for  Ignition  Delay  Time  is  Entered) 

Igniter  Port  Location 

(If  an  External  Igniter  is  being  Used,  the  Loca¬ 
tion,  Downstream  of  the  Injector,  Where  the 
Hot  Gases  enter  the  Chamber) 

Igniter  Fuel  Flow  Rate 

(Flow  Rate  of  Fuel  Through  the  Igniter) 


Units 


Seconds 


Seconds 


Seconds 


Seconds 


Seconds 


Seconds 


Seconds 


Inches 


Pounds /Second 
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Item 

Number 


Description 


Units 


36.  Igniter  Oxidizer  Flow  Rate  Pounds/Second 

(Flow  Rate  of  Oxidizer  Through  the  Igniter) 

37.  Activation  Energy  { Calo  ries /Mole) 

(Activation  Energy  of  the  Global  Gas -Phase 
Ignition  Reaction) 

38.  Frequency  Factor  X  Q  (Cubic  cm/Mole/ 

Sec)  X 

( Calo  ries  /  Mole) 

(Molar  Collision  Frequency  Multiplied  by  the 
Heat  of  Reaction  of  the  Initiating  Reaction) 

39.  Perfect  Mixing  Option  (0.0  or  1.0) 

(If  This  Flag  is  Set  to  1.  0,  Ignition  will  Be 
calculated  Only  for  the  Weil-mixed  Free- 
stream  gases.  Ignoring  the  Possibility  of 
Ignition  in  the  Boundary  Layers  Around  Drop¬ 
lets  or  on  the  Wetted  Chamber  Walls) 

40.  No  Axial  Mixing  Option  (0.  0  or  1,  0) 

(If  This  is  Marked  with  a  1.  0,  Ignition  will  be 
Calculated  Only  for  the  New  Flashed  Fuel  and 
Oxidizer  Vapors  Presuming  no  Axial  Mixing  of 
Vapor  and  Ignoring  Ignition  in  the  Boundary 
Layer) 

41.  Fuel  Line  Length  Inches 

(Fuel  Feed  System  Line  Length) 

42.  Fuel  Line  Area  Square  Inches 

(Fuel  Feed  Line  Inside  Cross-Sectional  Area) 

43.  Fuel  Restrictor  Area  Square  Inches 


44. 


(Area  X  Discharge  Coefficient) 

Fuel  Venturi  Area 

(Cavitating  Venturi  Throat  Area) 


Square  Inches 


Item 

Number 


Description 


Units 


45.  Fuel  Valve  Area 

(Port  Area  X  Discharge  Coefficient) 

46.  Fuel  Injection  Area 

(Summation  of  ( Port  Area  X  Discharge 
Coefficient)  of  Injector  Holes) 

47.  Blank 

48.  Blank 

49.  Fuel  Hole  Diameter 
(Injector  Hole  Size) 

50.  Fuel  Hole  Length 
(Injector  Hole  Length) 

51.  Axial  Location 

(Axial  Location  of  Fuel  Injection  Point) 

52.  Radial  Location 

(Radial  Location  of  Fuel  Injection  Point) 

53.  Injection  Angle 

(Outward  Angles  Counted  as  Positive) 

54.  Blank 

55.  Blank 

56.  Blank 

57.  Initial  Void  Volume 

(Initial  Empty  Volume  in  the  Fuel  Feed  System) 

58.  Blank 


Square  Inches 


Square  Inches 


Inches 


Inches 


Inches 


Inches 


Degrees 


Cubic  Inches 
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Number 


Description 


Units 


59.  Transition  Volume 

(Volume  of  fuel  that  flows  while  the  injection 
temperature  decreases  from  the  injector 
temperature  to  the  tank  temperature.  (See 
Figure  A-3.  )) 

60.  Dribble  Volume 

(Volume  between  the  closed  valve  and  the 
injector  face) 

61.  Check  Valve  Option 

(If  this  is  marked  1.  0  no  reverse  flow  will  be 
permitted  in  the  fuel  feed  line) 

62.  Blank 

63.  Blank 

64.  Blank 

(Entries  65  —  88  are  identical  to  41  —  64  except 
that  they  describe  the  oxidizer  feed  system 
instead  of  the  fuel  feed  system.  ) 


Cubic  Inches 


Cubic  Inches 


(0.  0  or  1.  0) 


1 


Item 

Number  Description 

89.  Fuel  Fan  Length 

(Distance  between  the  impingement  point  and 
the  point  at  which  the  fuel  is  atomized  when  the 
stream  turns  45  degrees  at  impingement) 

90.  Oxidizer  Fan  Length 

91.  Showerhead  length/orifice  diameter  ratio 

(The  distance,  in  orifice  diameters,  that  an 
unimpinged  stream  travels  from  the  injection 
point  to  atomize  completely.) 

92.  Blank 

93.  Hold  at  triple  point  option 

(When  this  flag  is  set  to  l,  0  a  propellant 
stream  flashing  in  a  low  pressure  environ¬ 
ment  will  not  freeze,  but  will  stop  as  triple¬ 
point  liquid) 

94.  No  initial  dribble  option 

(When  this  flag  is  set  to  1.  0,  no  liquid 
will  be  injected  until  the  void  volume  is 
filled,  even  when  the  injector -temperature 
vapor  pressure  is  higher  than  the  chamber 
pressure) 

95.  Flash  cone  angle 

(This  is  the  included  apex  angle  of  the  cone  of 
spray  formed  by  a  flashing  stream) 

96.  Blank 

97-101.  Drop  Size  1  — Drop  Size  5 

(These  are  the  diameter  ratios  of  the  droplet 
groups  to  the  mass-median  droplet) 

102.  No  wall  breakup  option 

(When  this  flag  is  set  to  1 .  0  an  unatomized 
stream  hitting  the  wall  is  not  atomized  by 
the  impact) 
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finite 


.-.I 


Units 


Inche  s 


Inche  s 


(0.  0  or  1.  0) 


(0.  0  or  1.  0) 


Degrees 


(0.  0  or  1.  0) 


Item 

Number 


Description 


Units 


103.  Drop  Restitution  Coefficient 

(The  normal -velocity  ratio  for  a  droplet  which 
hits  the  wall  and  bounces  off) 

104.  Fraction  sticking 

(The  fraction  of  the  droplets  hitting  the  wall  which 
stick  to  the  wall  instead  of  bouncing) 

105.  No  Fuel  Flash  Option 

(When  this  flag  is  set  to  1.  the  injected  fuel 
stream  will  not  flash  even  when  it  is  highly 
supe  rheated) 

1 0 6 .  No  Oxidizer  Flash  Option 

(When  this  flag  is  set  to  1.  0  the  injected  oxidizer 
stream  will  not  flash  even  when  it  is  highly 
superheated) 

107.  No  Wall  Flow  Option 

(When  this  flag  is  set  to  1.  0  the  propellant  film 
on  the  wall  will  not  flow  axially  under  the  influ¬ 
ence  of  chamber  gas  shear  forces) 

108.  No  Wall  Burnoff  Option 

(When  this  flag  is  set  to  1.  0  the  propellant 
film  on  the  wall  will  not  burn  off  by  heat 
transfer  from  the  hot  chamber  gas) 

109.  Fuel  Boiling  Point 

(The  normal  boiling  point  of  the  fuel) 

110.  Fuel  Freezing  Point 

111.  Fuel  Critical  Temperature 

112.  Fuel  Critical  Pressure 

113.  Fuel  Vapor  specific  heat 

(Fuel  vapor  specific  heat  at  a  temperature 
midway  between  the  combustion  gas  and  the 
droplet  surface) 


(0.  0  or  1.  0) 

(0.  0  or  1.  0) 

(0.  0  or  1.0) 

(0.  0  or  1.  0) 

Degrees  K 

Degrees  K 
Degrees  K 
psia 

Calories  / 
Gram  /°  K 
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Item 

Number 

114. 

115. 

116. 

117. 

1 18. 

119. 

120. 

121. 

122. 

123, 

124 


Des  crlption 

Fuel  Liquid  Specific  Heat 

(Liquid  Fuel  specific  heat  at  the  injection 
temperature) 

Blank 

Fuel  Molecular  Weight 

(Molecular  weight  of  fuel  in  the  vapor  phase) 

Fuel  Latent  Heat  of  Vaporization 

(Latent  heat  of  vaporization  of  fuel  at  the 
normal  boiling  point) 

Fuel  Latent  Heat  of  Fusion 

(Latent  heat  of  fusion  of  the  fuel  at  the 
freezing  point) 

Fuel  Liquid  Thermal  Conductivity 

Fuel  Accommodation  Coefficient 

(Coefficient  for  Langmuir-Knudsen  vacuum 
evaporation  rate) 

Fuel  Reference  Temperature 

(Temperature  at  which  values  for  density, 
viscosity  and  surface  tension  are  given) 

Fuel  Density 

(Density  of  liquid  fuel  at  the  reference 
temperature) 

Fuel  Viscosity 

(Viscosity  of  liquid  fuel  at  the  reference 
temperature) 

Fuel  Surface  Tension 

(Surface  tension  of  fuel  at  the  reference 
temperature) 


Units 

Calorie  s  / 
Gram/0  I< 


Grams  /  Gram 
Mole 


Calories  /Gram 


Calories  /Gram 


Calories/Sec/ 

Gm/°K 


Degrees  K 


Grams  /  Cm  ^ 


Poises 


dyne  s  / cm 
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Item 
Numbc  r 


Description 


U  nits 


125.  Fuel  Burning  Rate  Coefficient  from  droplet  cm^/sec 

burning  experiments 

(-dD“/dt  for  a  burning  fuel  droplet  in  pure 
oxidizer  vapor) 

126.  Fuel  Monopropellant  Burning  Rate  Intercept  cm/sec 

127.  Fuel  Monopropellant  Burning  Rate  Coefficient  cm /sec  /(psia)n 

128.  Fuel  Monopropellant  Burning  Rate  Exponent 

(Monopropellant  burning  rate  values  from 
liquid- strand  experiments  correlated  by 
r  =  A  +  BPn  where  r  is  in  centimeters  per 
second  and  P  is  in  psia) 

129-148  are  identical  to  109-128  except  that  they  describe 
the  oxidizer  instead  of  the  fuel 

149-159  Are  the  thermochemical  equilibrium  combus-  °K 
tion  product  temperatures  corresponding  to 
fuel  fractions  of  0,  0.1,  0.2,  ...  1.0 

160,  Blank 

161-171  Are  the  mean  molecular  weights  of  the  combus¬ 
tion  products  in  thcrmochemical  equilibrium  at 
fuel  fractions  0,  0.  1 ,  0.2,  ...  1.0 

172.  Blank 

1  73-  183  Are  the  values  for  frozen  Gamma  of  the 

equilibrium  combustion  products  at  fuel  frac¬ 
tions  0 ,  0.1,  0.2,  ...  1.0 

184.  Blank 

185.  Density  of  the  contaminant  material  produced  gm/cm3 

on  the  chamber  wall 

186.  Specific  heat  of  the  gases  produced  by  the  Cal/gm/°k 

evaporation  or  pyrolysis  of  the  wall- film 

mate  rial 

187.  Latent  heat  of  evaporation  or  heat  of  ablation  Cal/gm 

of  the  wall- film  material 

188.  Surface  temperature  of  the  wall -film  material  Degrees  lx 

during  evaporation  or  pyrolysis 
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Item 

Number 

189-199 

200. 

201. 

202. 

203. 

204. 

205. 

206 

207. 


208. 


Des  cription 


Viscosity  of  the  wall -film  material  at  the 
temperature  to  be  expected  on  the  wall  at  fuel 
fractions  0,  0.1,  0.  2,  ...  1.0 

Blank 

Model  time  at  which  the  calculations  should 
be  terminated 

Integrating  Time  Interval 

Number  of  time  intervals  between  printing 
of  a  propellant  mass  disposition  print 

Number  at  time  intervals  between  plotting  of 
contaminant  thickness  profiles 

Delete  Graphics  Option 

When  this  flag  is  set  to  1.  0  no  graphics  will 
be  produced 

Delete  Droplet  Means  Option 

(When  this  flag  is  set  to  1.0  the  mean 
diameters  (D30,  D31,  D32)  of  the  fuel  and 
oxidizer  droplets  in  the  chamber  are  not 
calculated  at  each  time  interval.  ) 

Delete  Summaries  Option 

(When  this  flag  is  set  to  1,  0  summaries  are 
not  printed  to  show  the  amounts,  drop  sizes 
and  velocities  of  contaminant  expelled  during 
the  four  time  intervals  making  up  the  pulse, 
i,  e,  ,  the  pre -ignition  interval,  the  post¬ 
ignition  start  transient,  the  steady  portion 
of  the  firing  and  the  cutoff  and  dribbling  after 
the  valves  close.  ) 

Data  Review  Option 

(When  this  flag  is  set  to  1,  0  the  data  is  read, 
certain  checks  and  initializing  steps  are  made 
and  the  raw  data  and  some  derived  information 
is  printed  out  with  headings,  however  the 
chamber  calculations  are  not  performed.  This 
makes  it  possible  to  check  a  new  data  deck  for 
errors  before  proceeding  with  expensive 
calculations .  ) 


Units 


Seconds 

Seconds 


(0.  0  or  1.  0) 


(0.  0  or  1.  0) 


(0.  0  or  1.  0) 


(0.  0  or  1.  0) 
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Item 

Number 

209. 

210. 

211. 

212. 


213. 

214. 

215. 

217-219 
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Description 


Fuel  Trajectory  Group 

(The  chamber  trajectory  of  one  selected  fuel 
or  droplet  group  may  be  plotted  each  run. 

The  chosen  fuel  size  group  is  entered.  ) 

Oxid  Trajectory  Group 

(If  a  trajectory  plot  is  wanted  for  an  oxidizer 
droplet  instead  of  a  fuel  droplet,  the  size 
group  desired  should  be  entered.  ) 

Trajectory  Start  Time 

(The  trajectory  is  plotted  for  a  fuel  or  oxidizer 
droplet  which  is  injected  at  some  chosen  time. 
The  time  chosen  should  be  entered.  ) 

Steady  State  Time 

(The  time  points  needed  to  print  the  interval 
summaries  mentioned  in  item  207  are  the 
ignition  time,  the  time  steady  operation  is 
attained,  and  the  time  the  last  valve  closes. 

It  is  difficult  to  define  the  time  steady  opera¬ 
tion  is  first  attained,  so  the  desired  time  is 
entered  as  an  input  value,  based  upon 
previous  experience.  ) 

Flow  rate  overrides  are  provided  for  pro¬ 
pellant  feed  systems  where  the  internal 
dimensions  are  inadequately  known,  but  where 
experimental  values  are  available  for  flow 
rate  versus  pressure  drop.  To  define  the 
feed  system  resistances,  it  is  necessary  to 
specify  a  propellant  flow  rate,  the  associated 
pressure  drop,  and  the  discharge  coefficient 
of  the  injector  orifices. 

Fuel  Flow  Rate 

Fuel  pressure  drop 

Fuel  Injector  Discharge  Coefficient 

are  corresponding  values  for  the  oxidizer 
feed  system 


Units 

(1.  0 

through  5.  0) 


(1.  0 

through  5.  0) 


Seconds 


Seconds 


Pounds /Sec 
psi 
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Item 

Number 


Description 


Units 


216.  No  Injector  Friction  Option  (0,  0  or  1.  0) 

(When  this  flag  is  set  to  1.  0  no  frictional 
losses  are  calculated  for  the  flow  through  the 
injector  passages.  The  frictional  loss  corre¬ 
lation  is  correct  only  for  the  turbulent  flow 
regime  and  gives  excessively  large  values 
for  small  orifices  which  are  in  the  laminar 
flow  regime.  This  flag  should  be  set  to  1.  0 
for  very  small  injector  holes.  ) 

221-231  Vacuum  thrust  coefficients  are  entered  for 

combustion  product  gases  having  fuel  fractions 
of  0.  ,  0.  1,  0.2,  ...  1.0 

232.  Nozzle  expansion  area  ratio 

233-264  Valve  timing  for  the  second  through  ninth 
pulses  of  engine  operation 

233  Fuel  valve,  time  of  first  motion  opening  on  (seconds) 

second  pulse 

234.  Oxidizer  valve,  time  of  first  motion  opening  (seconds) 

on  second  pulse 

235.  Fuel  Valve,  time  of  first  motion  closing  on  (seconds) 

second  pulse 

236.  Oxidizer  valve,  time  of  first  motion  closing  (seconds) 

on  second  pulse 

b.  Program  Output 

(1)  Input  Print 

The  first  print  which  is  produced  by  the  program  is  a  recapitu¬ 
lation  of  the  program  input. 

(2)  Propellant  Property  Print 

The  second  print  produced  is  a  table  of  calculated  propellant 
properties  versus  temperature.  These  values  can  be  compared  with  known 
experimental  values  to  assure  that  the  program  physical  properties  sub¬ 
routines  are  giving  an  adequate  representation  of  the  true  values.  The  values 
printed  are  liquid  enthalpy,  vapor  enthalpy,  vapor  pressure,  liquid  density, 
liquid  viscosity,  and  surface  tension.  These  are  given  for  evenly  spaced 
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intervals  of  reduced  temperature,  with  the  corresponding  absolute 
temperature  also  given.  The  units  arc  calories/gram,  psia,  grams/cc, 
poise,  dyne/cm  and  degrees  K. 

(3)  Print  of  Time-Varying  Rocket  System  Parameters 

At  each  integrating  time  interval,  values  arc  printed  for  48  of 
the  more  important  system  variables.  This  print  consists  of  six  lines  con¬ 
taining  eight  values  per  line. 

The  first  line  contains  the  model  time  in  milliseconds,  the 
chamber  pressure  in  psia,  the  ignition  state  of  the  chamber  (1.0  for  ignited, 
0.  0  for  unignited),  the  mass  fraction  of  the  gas  or  vapor  in  the  chamber 
which  is  fuel-derived,  the  chamber  temperature  in  degrees  K,  the  mean 
molecular  weight  of  the  gases  or  vapors  in  the  chamber,  the  specific  heat 
ratio  for  the  gases  or  vapors  in  the  chamber  and  the  vacuum  thrust  coeffi¬ 
cient  for  the  gas  or  vapor  phase  flowing  from  the  chamber. 

The  second  line  contains  the  fuel  and  oxidizer  injection  rates  in 
pounds  per  second,  and  the  fuel  and  oxidizer  feed  line  flow  rates  in  pounds 
per  second.  The  injection  flowrate  and  feed-line  flowrate  will  differ  when 
the  injector  is  dribbling  into  a  vacuum  after  the  propellant  valves  close,  or 
when  a  partially  empty  dribble  volume  is  being  filled  before  the  injector 
primes.  The  void  volumes  on  fuel  and  oxidizer  sides  of  the  injector  are 
given  in  cubic  inches.  The  dribble  injection  rate  will  decrease  to  zero  when 
the  dribble  volume  is  emptied.  The  fuel  and  oxidizer  injection  temperatures 
are  given  in  degrees  Kelvin.  The  injection  temperatures  are  equal  to  the 
injector  temperature,  until  a  volume  of  propellant  has  flowed  out  of  the  tank 
equal  to  the  dribble  volume,  then  the  temperature  linearly  decreases  to  the 
tank  temperature,  with  the  decrease  spread  out  over  the  prescribed  transi¬ 
tion  volume. 


The  third  line  contains  the  evaporation  rates  of  the  fuel  drop 
ensemble  and  the  oxidizer  drop  ensemble  in  pounds  per  second.  The  fuel 
flash  rate  and  oxidizer  flash  rate  are  given  in  pounds  per  second  of  vapor 
produced  by  the  vacuum  flashing  of  the  injected  streams.  The  rates  of  pro¬ 
pellant  burnoff  from  the  wall  is  given  for  fuel  and  oxidizer  in  pounds  per 
second.  The  heat  for  wall  burnoff  comes  from  heat  transferred  from  the 
chamber  gases.  The  rates  of  vacuum  evaporation  from  the  wall  are  given 
for  fuel  and  oxidizer  in  pounds  per  second.  The  heat  for  vacuum  evaporation 
is  transferred  from  the  chamber  wall  through  the  propellant  film  to  the 
evaporating  surface. 

The  fourth  line  contains  the  mass  of  fuel-derived  combustion 
gas  or  vapor  in  the  chamber  in  pounds.  The  mass  of  oxidizer-derived  gas 
or  vapor  is  given  similarily.  The  masses  of  fuel  droplets  and  oxidizer  drop¬ 
lets  in  the  chamber  are  given  in  pounds.  The  masses  of  injected,  but  not  yet 
atomized  fuel  and  oxidizer  are  given  under  the  headings  Fuel  Streams  and 
Oxidizer  Streams.  The  mass  of  fuel  and  oxidizer  deposited  on  the  walls  are 
the  final  entries  of  the  fourth  line. 

The  first  and  second  entries  of  the  fifth  line  give  the  mass  rate 
of  efflux  for  fuel  and  oxidizer-derived  vapors  or  combustion-product  gases 
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in  pounds  per  second,  the  third  and  fourth  entries  are  the  mass  rate  of 
ejection  through  the  throat  for  incompletely  burned  fuel  drops  and  oxidizer 
drops  in  pounds  per  second.  The  rate  at  which  propellant  film  on  the  wall  is 
being  flowed  through  the  throat  is  given  next  in  pounds  per  second,  "Gas 
Fraction"  is  the  instantaneous  value  for  the  fraction  of  the  total  mass  efflux 
which  is  in  the  gas  phase.  The  final  entry  on  this  line  is  thrust,  in  pounds 
force.  The  thrust  includes  the  axial  momentum  rate  of  the  expelled  droplets, 
and  the  thrust  from  the  gas  phase  products. 

The  sixth  line  starts  with  the  mass-median  droplet  diameter 
for  the  fuel  and  oxidizer  spray  being  produced  this  time  interval.  The  next 
two  entries  give  fuel  and  oxidizer  stream  injection  velocities.  The  Beta 
angle  is  the  resultant  angle  after  the  fuel  and  oxidizer  streams  have  impinged. 
It  is  measured  in  degrees,  with  positive  values  being  taken  outward  from  the 
centerline.  The  mass  out  of  tank  is  total  mass  of  propellant  flowed  from  the 
propellant  tanks  from  the  start  of  the  run,  in  pounds.  The  integral  PC  x  DT 
is  the  area  under  the  curve  of  chamber-pressure  — versus  time,  in  psia  x  sec¬ 
onds.  Total  impulse  is  the  time  integral  of  thrust  in  pound-force  x  seconds. 

(4)  Summary  Prints  and  Special  Messages 

Other  prints  which  may  occur  interspersed  with  the  normal 
six  line  prints  are  summary  prints  and  special  messages.  The  most  fre¬ 
quent  special  messages  specify  when  ignition  or  extinguishment  occurs  in 
the  combustion  chamber.  Other  special  messages  indicate  minor  errors, 
such  as  failure  to  converge  to  within  2  percent  of  the  correct  surface 
temperature  during  vacuum  evaporation,  or  catastrophic  errors  such  as 
calculation  of  a  negative  chamber  pressure. 

The  propellant  disposition  summary,  whose  frequency  is  speci¬ 
fied  in  data  item  203  consists  of  seven  lines  of  numbers.  The  first  four 
lines  give  a  mass  balance  for  all  fuel  and  oxidizer  injected  up  to  the  present 
time,  The  masses,  in  grams,  are  given  for  total  injected  fuel,  oxidizer 
and  sum  of  fuel  plus  oxidizer,  and  the  amounts  expelled  as  gas,  as  droplets 
and  as  wall -film.  Also  given  are  the  masses  currently  retained  as  gas,  as 
droplets  and  as  wall  film.  The  last  five  lines  gives  the  numbers  of  fuel 
drops  and  oxidizer  drops  injected  and  ejected  up  to  the  present  time.  The 
summation  of  droplet  diameters,  diameters  squared,  diameters  cubed  and 
axial  momentum  is  also  given,  which  makes  it  possible  to  calculate  the  mean 
diameters  and  mean  axial  velocities  of  expelled  droplets  for  the  interval 
between  any  two  summary  prints. 

Another  type  of  summary  which  may  be  printed  gives  values 
for  four  time  intervals  of  motor  operation,  i.  e. ,  the  pre-ignition  interval, 
the  ignition  transient,  the  steady  operation  interval  and  the  cutoff  interval. 

The  time  and  description  of  the  interval  is  given,  and  the  masses  are  given 
in  grams  of  fuel,  oxidizer  and  sum  of  fuel  plus  oxidizer  expelled  during  the 
time  interval  in  the  form  of  droplets  and  in  the  form  of  wall  film.  The  drop¬ 
let  diameter  means,  D30,  D31,  and  D32  as  well  as  mean  axial  velocity  are 
given  for  !he  droplets  expelled  during  the  interval.  Droplet  diameters  are 
given  in  microns,  axial  velocity  in  feet  per  second. 
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(5)  Final  Performance  Summary- 

After  the  last  of  the  time-steps  is  printed,  a  performance 
summary  is  printed.  The  mass  flowed  out  of  tank  is  given,  the  mass  flowed 
through  the  injector  is  given  and  the  mass  flowed  through  the  nozzle  is 
given.  These  values  are  not  generally  the  same,  because  of  filling  or  void¬ 
ing  of  the  injector  dribble  volumes,  and  because  of  increase  or  depletion  of 
propellant  mass  stored  in  the  combustion  chamber  in  the  forms  of  gas,  drop¬ 
lets  or  streams,  and  wall-film.  The  mixture  ratio,  C-Star  and  specific 
impulse  are  calculated  on  each  of  these  propellant  mass  bases.  The  pres¬ 
sure  time  integral  for  the  entire  pulse  and  the  total  impulse  are  also  printed. 
The  final  print  also  gives  the  disposition  of  injected  propellant  for  the  entire 
firing.  The  fractions  of  injected  fuel,  oxidizer  and  total  propellant  expelled 
in  the  form  of  gas,  droplets  and  as  wall-film  are  given,  and  the  fraction 
retained  in  the  chamber  as  gas,  droplets  and  wall  film  are  given.  The 
mean  diameters  for  injected  and  ejected  fuel  and  oxidizer  are  given,  in 
microns.  The  mean  axial  velocity  for  injected  and  ejected  fuel  and  oxidizer 
droplets  are  given  in  feet  per  second.  The  calculated  size  distribution  for 
injected  and  ejected  fuel  and  oxidizer  is  given.  When  this  is  plotted,  it 
very  strongly  shows  the  five-group  approximation  for  injected  droplet  size, 
which  is  a  computational  artifact,  however,  also  apparent  are  the  real  effects 
of  flashing  versus  impinging  stream  atomization,  the  preferential  burning  of 
small  droplets,  the  segregation  by  drag  versus  momentum  effects,  etc. 

(6)  Computer  Graphics 

The  computer  graphics  include  the  trajectory  of  the  specified 
fuel  or  oxidizer  droplet,  forty-four  time-varying  system  parameters  plotted 
versus  time,  and  a  specified  number  of  instantaneous  profile  plots  of  wall 
deposit  thickness  versus  chamber  length.  The  wall  deposit  plots  may  be 
eliminated  by  making  input  item  204  a  large  number.  All  graphics  may  be 
eliminated  by  setting  input  item  205  equal  to  1.  The  plots  are  as  follows: 

(all  variables  are  plotted  versus  time  in  milliseconds  except  where  specifi¬ 
cally  stated  otherwise). 

1.  Droplet  Trajectory —  Axial  position  in  inches. 

2.  Droplet  Trajectory —  Radial  position  in  inches. 

3.  Droplet  Trajectory —  Axial  position  in  inches  versus  radial  position 
in  inches. 

4.  Chamber  pressure  in  psia, 

5.  Fuel  Valve  Trace —  Fraction  of  full-open  port  area. 

6.  Oxidizer  Valve  Trace  — Same  as  for  fuel. 

7.  Fuel  Flow  Rate  from  the  Tank  in  Pounds  per  Second. 

8.  Oxidizer  Flowrate —  Same  as  for  fuel. 

9.  Flowrate  of  Fuel  Plus  Oxidizer —  Same  as  for  fuel. 

10.  Fuel  Injection  Rate  in  Pounds  per  Second. 

11.  Oxidizer  Injection  Rate  — Same  as  for  fuel. 


12.  Fuel  Droplet  Mass  — Pounds  (total  mass  of  fuel  in-flight  in  the 
chamber,  sum  of  streams  and  droplets). 

13.  Oxidizer  Droplet  Mass  — Same  as  for  fuel. 

14.  Total  Droplet  Mass  — Fuel  plus  oxidizer. 

15.  Fuel  on  the  Wall  — Pounds, 

16.  Oxidizer  on  the  Wall  — Pounds. 

17.  Propellant  on  the  Wall— Fuel  Plus  Oxidizer,  in  pounds. 

18.  Gas  Mass  — Pounds  (mass  of  vapors  or  gas-phase  combustion 
products  in  the  chamber). 

19.  Gas  Fuel  Fraction— Fraction  of  the  chamber  gas  which  is  derived 
from  fuel. 

20.  Chamber  Temperature  —  Degree s  Kelvin  (temperature  of  the 
gaseous  combustion  products). 

21.  Fuel  Evaporation  Rate  — Pounds  per  Second  (rate  at  which  fuel 
vapors  are  entering  the  chamber  from  all  sources,  vacuum  flash¬ 
ing  of  streams,  droplet  evaporation,  wall  film  burnoff  and  wall 
film  vacuum  evaporation). 

22.  Oxidizer  Evaporation  Rate  — Same  as  for  fuel. 

23.  Total  Evaporation  Rate  — Fuel  plus  oxidizer. 

24.  Gas  Outflow  Rate  — Pounds  per  second  (sonic  or  subsonic  throat 
flow  of  gas  or  vapor), 

25.  Fuel  Droplet  Outflow  Rate  — Pounds  per  second.  (Mass  of  unburned 
droplets  ejected  each  interval  divided  by  length  of  the  time  inter¬ 
val.  To  reduce  random  fluctuation,  this  value  is  time -averaged 
over  four  time  intervals  and  has  some  lag.  ) 

26.  Oxidizer  Droplet  Outflow  Rate  — Same  as  fuel. 

27.  Total  Droplet  Outflow  Rate  — Fuel  plus  oxidizer. 

28.  Fuel  Film  Outflow  Rate  — Pounds  per  second  (rate  of  flow  of  fuel- 
derived  wall-film  through  the  throat). 

29.  Oxidizer  Film  Outflow  Rate  — Same  as  fuel. 

30.  Total  Film  Outflow  — Fuel  plus  oxidizer. 

31.  Fraction  Vaporized —  The  fraction  of  the  total  material  expelled 
each  time  interval  which  is  in  the  gas  phase,  The  total  material 
expelled  is  gas  plus  unburned  droplets  plus  wall  film.  To  reduce 
random  fluctuation,  this  value  is  time-averaged  over  foui  time 
intervals,  and  has  some  lag. 
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32.  Stream  Beta  Angle  —  Degrees  outward  from  the  chamber  center- 
line.  Angle  of  the  resultant  stream  from  the  impingement  of  fuel 
and  oxidizer. 

33.  Fuel  Fan  length  —  Inches.  (Axial  distance  from  the  injector  face 
where  atomization  is  complete.  Longest  when  other  stream  is 
absent  or  is  flash  atomized;  depends  upon  momentum  ratio  when 
both  streams  are  present;  zero  when  the  stream  is  flash 
atomizing.  ) 

34.  Oxidizer  Fan  Length  — Same  as  fuel. 

35.  Fuel  Droplet  Diameter —  Microns  (mass-median  atomization  drop¬ 
let  diameter  for  fuel  being  injected  this  time  interval), 

36.  Oxidizer  Droplet  Diameter —  Microns  (same  as  fuel). 

37.  Fiiel  Flash  Quality  — Mass  fraction  of  the  fuel  injected  this  time 
interval  which  flashes  to  vapor. 

38.  Oxidizer  Flash  Quality  — Same  as  fuel, 

39.  Chamber  Fuel  D30  (Mass -Number  Mean  Diameter  for  Entire 
Chamber  Population  of  Fuel  Droplets). 

40.  Chamber  Fuel  D31  (Mass-Diameter  Mean  diameter  for  Entire 
Chamber  Population  of  Fuel  Droplets), 

41.  Chamber  Fuel  D32  (Mass -Surface  Mean  diameter  for  Entire 
Chamber  Population  of  Fuel  Droplets). 

42.  Chamber  Oxidizer  D30  (Same  as  Fuel). 

43.  Chamber  Oxidizer  D31  (Same  as  Fuel). 

44.  Chamber  Oxidizer  D32  (Same  as  Fuel). 

45.  Fuel  Voided  — Cubic  inches  (volume  of  injector  fuel  passages 
unfilled  with  liquid), 

46.  Oxidizer  Voided  — Cubic  inches  (same  as  fuel). 

47.  Thrust-Pounds  (Calculated  Engine  Thrust). 

48.  To  End— Thickness  on  wall  versus  percent  of  chamber  length. 

The  number  of  prints  depends  upon  the  value  specified  for  data 
item  204.  The  thickness  of  the  deposit  of  fuel  plus  oxidizer  on  the  chamber 
wall  is  plotted  for  each  of  the  one  hundred  axial  segments  into  which  the 
chamber  is  divided.  The  thickness  profile  is  plotted  for  every  n^1  computa¬ 
tional  time  interval,  where  n  is  input  as  data  item  204. 
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A.  7  SAMPLE  CASE 


Table  A-V  consists  of  a  sample  case  for  the  TCC  program.  Illustrated 
in  the  following  order  are  (1)  the  load  sheets  used  to  punch  the  data,  (2)  a 
listing  of  the  control  cards,  (3)  the  data  deck  used,  and  (4)  a  representative 
sample  of  the  prints  and  graphics  produced. 

Only  150,  000  storage  locations  are  called  for  (compared  to  220,  000  to 
run  the  complete  CO  NT  AM  program)  because  of  the  overlay  structure  and 
the  LIBLIST  system  routine  which  avoids  calling  subroutines  which  are  not 
required  by  the  particular  portion  of  the  program  being  run. 

The  printer  output  consists  of  the  input  data  print,  the  derived  property 
print,  the  print  of  time-varying  system  parameters  (abbreviated),  summary 
prints,  ignition  and  extinguishment  prints,  the  performance  summary,  and 
the  disposition  of  propellant  print. 

A  sampling  of  computer  graphics  includes  a  valve  trace,  chamber 
pressure,  flow  rate  of  oxidizer  in  the  feedline  and  injector  (illustrating  the 
injector  priming  and  the  large  dribble  flowrate  of  oxidizer).  The  droplet 
mass  plot  shows  that  there  is  a  large  mass  of  oxidizer  droplets  in  the  cham¬ 
ber  during  the  dribble  period.  The  wall-mass  plot  shows  accumulation  of 
propellant  on  the  wall  during  the  start  transient  and  dribble  period,  and  its 
removal  by  burnoff  and  by  vacuum  evaporation. 
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H  £  F  F  R  E  N  0  F  *•■  U '■  'ii, 

1  CASE  Mti,  3iO 

THE 

INFUT  .DATA  F'.jfi  Th  J  S  Z 

ASfc  A'it  Ab  FOLLOWS 

f  m  A  If  ■  E  K  ! 1 E  3  C  * 

IFM  ION 

CHAM-E"  l_  H  •  Ii  TH 

I  lujfcCT  OP  aPEa 

linear  taper  pa^a-olk;  taped 

1 ,  ■'>  7  r  o  o  r 

,  1  ^  A  o  0 .) 

,142700 

-,226®.  or 

T-Rmat  area 

,  I'P'^OC 

Pt0"8D0i: 

-t.oofrfiop 

Qj 

operating  c* ) -j i 

IT  IONS 

EXTERNAL  IRESSlir.t 

hAU  TEMPERATURE 

, n  n  n  n  n. 

294, g'  o  u  o  »• 

-fp-,0  00<-») 

0,00 GOD- 

FUEL  ta  k  p  rss 

FuEl.  TANK  TtP.P 

INJECTOR  TEMP 

.1  e  r. .  ?  1 0  <**  b  0  0 

2  9  4 , 0  (.  (H.  0 

294,00(1000 

D-r^fFTTu^ 

F 

del  valve  opl-n  lit 

fuel  valve 

CLOSE  DT 

~r<»cncu  o- 

,001000 

tri'O  00  i  00 

,  0  r  1 0  0 1- 

OX  I  u  TA?  ¥  Pl.fcSS 

uX  1 .  TANK  Tfc.il 

INJECTOR  TfcKP 

3.6>  ,  r  0  ru> 0  0 

? *3 A  ,  0 0 1)0 o r 

294  ,  OfiDOC  ) 

D  i 

Oaj;.  valvf  0 P p !•;  Lit 

(Jx  I  D  ValVE 

Close  ot 

It  t  M  0  f'  P  frfr 

,  0  - 1 1 D  U 1 

^rDMOrtri) 

,  0  ■"  10  0  h 

FIRST  Es’J Wt.  VALV' 

T  I  I  \G 

FUEL  V A L  V F  r.PfcN 

C  A I  D  VALVE  Ol’tA  FI  fcl.  VALVE  CLOSE  OX  I  r  VALVE  fLOSC 

|  C OirUQQ 

■i ,  0  .J  0  L  0  0 

, UlDuDO 

,  0  T  G  0  0  '1 

ISKITIO'-  PEF-OIPT  ION 

ASSK-Mf  P  Dr  L. A  Y 

IGNITER  PORT  LOG, 

FULL  FLO*  RaTE  OxjD 

F L C w  RATi- 

'■  ,  1  0  (1  i.l  0  1) 

P  ,  0  i  '  0  0  u  r. 

0  ,  U  0  0  0  0  n 

0 , 0  C-  u  0  O  ’ 

A  C  T I V  A  T I U  •  FNFRGY 

FnEL,  FACT,  X  ■, 

RfcRF  EC  T  MIXING  :o  AXIAL  M I  X  I 

SPOn.rior  pod 

3 , 4  fl  n  0  0 1.  p  ♦  1 4 

a ,  n  o  c  r  o  a 

0  ,  0  r  D  0  0  P 

„oT  reproducible 


257 


Table  A- V— Continued 


FUEL  FEED  SYSTfc-' 


LlNL-  L.E*  r.Th 
.  nCf  noo 

LINE  A"E  A 
,02310-) 

VEST  '<  I C  TOH  Ai-EA 
,  0  J  4  b  4  0, 

V F  A' T U p  1  APE  A 
,026100 

y  A  L  V  F  A  f  E  A 

,  2  *=  i  o  u 

r‘Jf'CTIO:»  aHEa 

f  0 f-  0 T  40 

O.OOOjO'J 

0 , 0  C  0  0  0 1. 

HOLE  ’  1  A  "F  T£  P 
,  n  o  7  y  0  fi 

>'0L‘:  L ••  f« fi T »• 
,0'.2t>0f' 

AXIAL  Lf'CATIOi 

0 .000000 

FAr  I  A L  Ll'CATIC 
,  0  4  b  0  0  0 

INJECT  in;  A.-  TILL 
-4':,  00*000 

C.Ol-COO'j 

O.COOOOO 

0,000000 

I M  T ,  V!'Ir  VOLUME 
.”01130 

C  ,0  :00  01 

T  S  A \ 3  1  T  I  'J i\  VOLUME 
f  ,  OuOi.CO 

D^r-HLE  Vial-.y;- 
,00113” 

CHCC'  >’ alvES 

: ,  ■  c  c  o  o  o 

0,000000 

0,000000 

0 , 0  0  U  Ci  0  (i 

C  >  1 1 . 1  7 E •'  FFE;.|  S  Y  3  T  E  “ 

L  I K c  I.Ff  NTH 

43  • , f  j -'ll on 

LINE  A H F a 
,028100- 

HESTHICTl'ri  A  •  h  A 
,036360 

VFMUFl  A  PL  A 
,  0  2  c  1  c  r 

V  A 1.  V  F  /.  S  E  A 
,  "2  '100 

I  ' '  J *-  C  T  tOM  A h E  A 
,00-0272 

o ,  o  o  o  r  o  o 

0,0  00  00-' 

HOLE  1 AMf  T£H 
,  ”  n  <!  3  o  0 

•■OLE  L V 0 T - 
,C02!>i)n 

AXIAL  LOCATION 

0  ,  J  0  0  "  0  0 

4  A  (’i  I  A 1.  LC-CaTIU' 
-  ,  (1  4  6  P  0  ” 

INJECT  Jf-M  a ■■  r, l L 

4 1 ,  r  o  *i  <j  n  o 

r- ,  0  ’  f)  U  0  ' 

0,000” JO 

o ,  o  n  c  o  tie 

I  N 1  T  ,  V  C  1'  v  0  L  u  "  E- 
,  r.  p  r.  j  F  o 

0,(11  POO’. 

THAI'S  I  T  I  ON  VOLUME 
O.COOfi  0 1.1 

I3«lf!f»LE  VOLUME 
,  0f-(j5«" 

CH^C-  VALVE-? 
a  ,  ”  o  •••  f'  0  f. 

r' ,  n  ■■  o  o  o r 

o ,  0 1)  o  •'  o  ci 

0,000001 

a  T  r  1 1  2  <  T  I  0  V 

PA  1-  AMtTErCjj 

FUEL  FA-  L  t  t.TM 

1 ,  -1 0 ”  n  o  0 

f.xi.i  Fa-'-  LFffUTr. 

1  ,  Pi  pc 01' 

shuwEhhead  uxn 
lO.OOO-'-OO 

o.ooofioi’ 

NOT  REPRODUCIBLE 
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HOLD  AT  TwiP|_-  PT 

r ,  o  d  "  n  o  o 

DROP  SI?H  1 
.191.000 

DROP  S  I  Zt  5 
2,304500 


NO  i.viT,  DRIUuLL 

l.ci'ouor 


FLASH  CONE  angle 

3  0,0001)0  0 


0  ,  00000') 


UUCP  SIZE  2 
,759001) 


DROP  SIZE  3 
1 . COOuOQ 


DROP  SIZE  4 
1 , 2  <  C  0  0  0 


NU  -ALL  BREAKUP 

o.cgoooc 


L)«OP  RESTITUTION  FRACTION  STICK  I  (90 

1,000000  ,  5  '>  0  0  0  0 


no  furl  flash 

o ,  o  o  n  o  o  o 


jo  o x I n  flash 

o , oooooo 


NO  -all  FLO- 

0,000000 


NO  -ALL  E J ” N 0 F F 

o ,  a  o  c  n  o  n 


FUEL  PROPERTIES 


POILTg  POINT 
36A(cnri()00 

FREEZING  POINT 
222,000000 

CRITICAL  TEa'P, 
594,000000 

CRITICAL  P'-’ESS, 
1195,000000 

V  a  p  r w  CP, 
,995000 

LICU I  .-  CP, 
,69 00 Oo 

0,000000 

POL.  RflGHT 
46, 0740GO 

LATENT  meat  v' a P i 
21f .OQ^OOD 

LATENT  HEAT  FUS, 

6  7 , 5 0  0  0  0 

Lie,  TeeRh,  CO  '.11, 
,000545 

ACCOR,  C'f'EFF, 
1,00000!' 

P E F E R E N r E  TRi.P, 
300,000000 

F'k  SI  TV 
,  8  l>  0  0  0  U 

VISCOSITY 

,010400 

S u n F  a c E  TE'‘S  I  G* 
47,000000 

UURNJNf  HATH  K 
,  032500 

“0  ;0 ,  INTERCEPT 
0,01  OVO.) 

•<0>0,  COEFFICIENT 

0 , ouoono 

mono,  EXPONENT 
0 , 0  n  o  o  o  r. 

OXIDIZER  PROPERTIES 

EOILT  F,  pi.'-jr,  T 
294,000000 

FREEZING  POINT 
262, Gn 0001 

CRITICAL  TE.-P, 
431,000000 

CRITICAL  Pi-'fcSS, 
1470, Or  000  0 

vapor  cp, 

,295000 

L I L U I : )  CP, 
,360001. 

0 , 0  0  0  ;j  0  o 

vOL .  WPIGnT 

4  6, 00600 

LATENT  HFAT  9  Ap , 
99,000000 

LATENT  heat  FUS , 
39,20000'’ 

LIO,  THERE,  CG-.&, 

,  0  0  0  3  U  6 

A CCON  ,  GREFF, 

1 , 0  '•  l)  0  0  r. 

REFERENCE  TRf.P, 

300 , rnnooo 

DE’ SI  TV 

1 ,45000m 

VISCOSITY 
, 004460 

surface  t i=  n s i c * 
26,  or, ooo ) 

burning  rate  k 
,  f.27u00 

HOMO,  I  “  T  E  A  C.  E  P  T 

0 ,00000" 

■10' 0,  COEFFICIENT 

0 , 0  U  0  0  0  0 

M^.vo,  EXPONENT 
0.000001 

MOT 

reproducible 
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COMBUSTION  GAS 

PROPERTIES 

TEMP,  1 
300. COCOCO 

temp,  2 
2103,000000 

TEMP,  3 
3044,000000 

TEMP,  4 
3397 ,000000 

TEMP,  5 
3061,000000 

TEk'P ,  6 
2368,000000 

TEMP,  7 
1705,000000 

TEMP,  9 
1433,000000 

TFf'P,  9 
13*4,000000 

TEMP ,  10 

1266,00000(1 

TEMP,  il 
1190,000000 

0,000000 

HOI.,  WT,  1 
46.006000 

MOL  ,  T  ,  2 
28,790000 

MOL.  *T,  3 
26,410000 

MOL,  W  T  ,  4 
23,390000 

•<Ol,  WT,  5 

19 , 960000 

MOL,  T  ,  .6 
16.750000 

MOL,  WT,  7 
14,410000 

MOL ,  NT,  6 
I3,9i0000 

MOL,  WT,  9 
14.000000 

MOL,  WT,  10 
14,100000 

v  0  L ,  wT,  11 
14,290000 

0,000000 

CAMS- A  1 
1,120000 

GAMMA  2 
1,282000 

GAMMA  3 
1,220000 

GAMMA  4 
1,217000 

G  A  M1,  A  5 
1.235000 

GAMMA  6 

1 , 2680UU 

gamma  7 
1,309000 

GAMMA  H 
1,299000 

Gamma  9 
1,270000 

GAM/  A  10 
1,247000 

GAMMA  11 
1,226000 

0,000000 

CONTAM  I  NAriT 

PPPPEHT  IPS 

OEMS  I T Y 
1,000000 

VAPO«  CP, 
1,000000 

LATENT  heaT 
100,000000 

nECOMP ,  TEMP, 
500,000000 

VISCOSITY  1 
,  0441100 

VISCOSITY  2 
,060000 

VISCOSITY  3 
,056000 

V I SCGS  I  T Y  4 
,062000 

VISCOSITY  5 

,  r.6«nno 

VISCOSITY  6 
,074000 

VISCOSITY  7 
, 080000 

VISCOSITY  0 
, 0*6000 

VISCOSITY  9 
,092000 

viscosity  10 
,098000 

VISCOSITY  11 
,104000 

0,000000 
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6  E  \  E  H  J  L  r-STKuCT  ION'S 


STQE’  T I  mR 
,  t  2  '■  0  0  0 

T  I  ME  I M T  r  h  V  A L 
,010100 

PW'lNl  ONE  OUT  OF 
10,000000 

PLOT 

OME  Oi  T  or 
JO ,000000 

DELETE 

!  R  A  p-j :  Co 

c .  r  o  o  o  c  o 

DELE  TE 

dhcp  ■•ean:> 
I.- ,  0 0  0  U  (j 

DELETE  SUMMARIES 
1,000000 

data 

REVIEW  0‘JL'1' 

o , ocoooo 

FUEL  T»AJ,  GROUP 

a , r  o  no  o  o 

o  x  1 1; 

THAJ,  •-HOUP 
0,0-0000 

TRAJ,  start  TIME 
,006000 

steady 

-STATE  TIME 

0 , 0  0  0  0  0  n 

FLOW  maTE 

OVERRIDES 

fuel 

Flo*  ^ATt 

‘  •  "■  o  r>  ft  o  o 

FOrL 

PRESS,  CK‘Oc 
0,0'"  00  OC 

discharge  coetf, 

0 , 0  o  0 1  0  0 

UO  IVJ,  FRIrTlO- 
1,000000 

0*10 

F  L 0 o  w  aTE 
>') ,  0  0  0  0  0 

o*lc 

press,  r.KOP 
n  ,0"000(J 

DISCHARGE  COEFF, 
0,000000 

o  ,  o  n  o  o  o  i 

thrust  coefficient  table 

of  Vue,  l 

1 , V2AH0O 

CF  VAC  ? 
1,8’ 2800 

CF  VAC  3 
1,906200 

CF  VAC  A 
1,911700 

CF  VAC  3 

i ,  e « 7  (i  o  o 

CF  VAC  6 
1,812201 

CF  VAC  7 
1,863 11  Oli 

CF  VAC 
1,93310'' 

CF  VAC  R 

1  ,929401) 

CF  VAC  10 
1,922400 

CF  VAC  11 

1 , 8  9  S  V  0  0 

EX», 

area  »at iii 
40,000000 

E  f 

P  $ 


& 


sS 
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SECO'  D  PU1.SE  Timing 

FUEL  VA LVC  xpEN  OX  1 0  vALVE  OPEN  FI  EL  VALVE  CLOSE  OMP  VALVE  CLOSE 

,020-00  ,02000Ii  ,040000  ,040000 

THHC  PULSE  TIDING 

FUEL  VALVE  OPEN  0  X I G  VAt.Vfe  OPEN  FUEL  VALVE  CLOSE  OX  1 0  VALVE  CLOSE 

f  .  n  0  o  0  o  0  11,000000.  0,000000  0,000000 

fcukTh  pulse  r i king 

fuel  VALVE  OPEN  0  X I D  valve  OPEN  fuel  valve  close  o  x  i  d  valve  close 

v,  000000  OtOvOOOii  0,000000  0,000000 

fifth  pulse  timing 

FUEL  VALVE  '■'PEN  OX  1 0  VALVE  OPEN  FUEL  VALVE  CLOSE  Oxp  VALVE  CLOSE 
'.'100000  0  .UC0U00  0  ,  000000  0,000000 

SIXTH  PULSE  TIMING 

FUEL  VAlVE  -’l’EN  CXIU  ValVE  OPE-  FUEL  VALVE  CLOSE  0X10  VALVE  CLOSE 
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Table  A- V— Continued 
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Appendix  B 


MU L TRAN 


MULTIPHASE  NOZZLE  AND  PLUME  TRANSPORT 
COMPUTER  PROGRAM 


A  Multiphase  Nozzle  and  Plume  Flow  Field 
Characterization  Model 


Program  Number  I-I612 
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MULT RAN 


MULTIPHASE  NOZZLE  AND  PLUME  TRANSPORT 
COMPUTER  PROGRAM 

A  Multiphase  Nozzle  and  Plume  Flow  Field 
Characterization  Model 


B.  I  INTRODUCTION 

The  computer  program  described  in  this  appendix  is  a  subprogram  to  the 
Plume  Contamination  Effects  Prediction  Computer  Program,  CON  TAM ,  and 
performs  the  subsonic,  transonic,  and  supersonic  computations  required  to 
define  the  steady- state  multiphase  flow  field  within  a  rocket  nozzle  and  exhaust 
plume.  The  TCC  program  (Appendix  A)  provides  the  input  to  M  ULTRAN  in 
terms  of  quasi-steady  values  of  droplet  distributions,  and  gas  properties, 
averaged  over  specified  portions  of  a  transient  engine  pulse.  The  nozzle  and 
plume  flow  field  defined  by  MULT  RAN  provides  the  input  data  for  the  kinetics 
and  condensation  computation,  KINCON  (Appendix  C),  and  subsequently  for 
the  deposition  and  surface  efforts  computations,  SURFACE  (Appendix  D). 
MULT  RAN  may  also  be  used  as  an  independent  computer  program  on  any 
third  generation  computer  with  a  core  exceeding  135,000g  words  and  a 
Fortran  IV  processor. 

The  MULTRAN  program  combines  three  previously  independent  programs 

a.  TDZ,  Axisymmctric  Two- Phase  Perfect  Gas  Performance  Computer 
Program  (developed  by  TRW  for  NASA/MSFC,  reference  11-1) 

b.  T  D  Z  P ,  Axisymmctric  Two- Phase  Perfect  Cas  Plume  Analysis 
Computer  Program  (developed  by  Dynamic  Science  and  MDAC) 

c.  S LINES,  Streamline  Generation  Computer  Program  (developed  by 
MDAC) 


(B-l)  G.  R.  Nickerson  and  J.  R.  Klicgel.  Axisymmctric  T  wo- Phase  Perfect 
Gas  Performance  Program,  TRW  Systems  Report  No.  0Z874-6006-R000, 
Vol.  I  and  II,  April  1967. 


B.  2  ANALYSIS,  INTEGRATION  METHOD,  AND  SUBROUTINE  STRUCTURE 

The  axisymmetric  Lwo-phase  analysis,  numerical  methods,  and 
subroutine  structure  used  in  TD2,  which  also  forms  the  basis  for  TD2P,  is 
discussed  in  detail  in  Reference  B-  1  and  will  not  be  repeated  here. 


B.  3  PROGRAM  OVERLAY  STRUCTURE 


OVERLAY 
(DFILE,  3,  0) 


OVERLAY  OVERLAY 

(EFILE,  4,  0)  (XMGKS,  5,  0) 


TD2 

FIND 

ZER0 

ABCALC 

CCALC 

DCALC 

FCALC 

JAMES 

LEGS 

NEWT 

0NED 

PARTIL 

PCALC 

PR0P 

TRACE 

W  DGI 

NZMAIN 

C0NSTS 

N3MAIN 

WALL 

AC0MP 

AD.TK 

AXIS  PT 

CHECK 

CNTRL 

CRIT 

EFN 

ERR0R 

KP3PT 

PRINT 

PTINT 

SUM  PI 

SUM  P2 

TAFN 

W  LPT 


TD2P 

AC0MP 

ADJK 

AXISPT 

CHECK 

CNTRL3 

CRIT 

EFN 

ERR0R 

FIND 

KPBPTP 

NEXT 

PMEYER 

PRINT 

PTINT 

SUMPI 

SUMP2 

TAFN 


XMGKS 
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B.4  PROGRAM  USER'S  MANUAL 

This  program  was  developed  on  the  CDC  6500  computer  using  the 
FORTRAN  IV  language.  Conversion  to  another  computer  system  should  be 
straight  forward  provided  sufficient  core  storage  (135,  000  words)  is  available. 
Program  overlay  extends  tw.o  levels  deep  including  the  executive  level,  when 
used  as  a  subprogram  to  CONTAM: 

The  description  of  the  input  to  and  output  from  the  computer  program  is 
divided  into  the  following  four  subsections; 

B.4.  a  TD2.  INPUT 

B.  4.  b  TD2P  INPUT 

B.4.  c  TD2/TD2P  OUTPUT  DESCRIPTION 

B.  4.  d  SLINES  Subprogram 

A  card  listing  for  the  complete  input  for  the  sample  case  is  given  in 
Subsection  B.  5. 

a.  TD2  Program  Input 

The  program  input  for  the  Axisymmetric  Two- Phase  Perfect  Gas 
Performance  Subprogram  TD2  conforms  to  the  I.  B.  M.  NAMELIST  format. 

All  input  items  are  read  under  control  of  the  name  $DATA.  The  input  items 
are  divided  into  five  types  1)  Propellant  Data,  2)  Particle  Data,  3)  Inlet  and 
Throat  Parameters,  4)  Characteristics  mesh  control  data,  5)  Nozzle  Wall 
Contour  Data. 

For  some  input  items,  values  are  assumed  by  the  program.  These  items 
need  not  be  input  to  the  program. 


$  DATA 

(1)  Propellant  Data 
Item  Name 


CAPN  = 
CPG  = 

C  PL  = 

CPS  = 
GAMMA  = 
GMG0  - 
HPL 
HPS  = 


Input  Quantity 

N,  Viscosity  temperature  exponent. 

C  ,  specific  heat  of  gas  at  constant 
KP 

pressure. 

Cn  ,  particle  heat  capacity  (T  >  T  ). 

Pl  P  Pm 

Cp  ,  particle  heat  capacity  (T  <  T  ). 
s  P  Pm 

T,  specific  heat  ratio,  C  /C 

Sp  By 

(j.  ,  chamber  gas  viscosity  coefficient. 

®o 

h  ,  liquid  particle  enthalpy  (T  T 

Pf  P  Pm 

h  ,  solid  particle  enthalpy  (T  T  ). 

Ps  P  pm 


Units 

none 

ft^/sec^  °R 
ft^/sec^  °R 
ft^/sec1"  °R 
none 

lb/ft  sec 

,  2  2 
ft  sec 

f,2,  2 

ft  /sec 
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Item  Name 


Units 


Input  Quantity 


PC  = 

P  ,  chamber  pressure. 

g  r 

6o 

PSIA 

PR  = 

P  ,  Prandtl  number, 
r 

none 

RCAP  = 

R,  gas  constant. 

ft3  /  sec3  °R 

SMP  = 

m  ,  particle  density. 

lb/ft3 

TGO  = 

T  ,  chamber  temperature 
go 

°R 

TPM  = 

T  ,  particle  solidification  temperature . 

°R 

Assumed 

Item  Name 

Input  Quantity 

Units 

Value 

DZI  = 

Az,  particle  trajectory  integration  step 

size . 

none 

0.  002 

DZMIN  =  Az  .  ,  inlet  step  size  parameter.  none  0.  002 

mm  r 

NILP  N^,  number  of  initial  line  points.  none  15 

RRT  =  R  ,  throat  radius  of  curvature, 

A  value  Rc  >1  is  required. 


none 


Item  Name 


Input  Quantity 


Units 


Assumed 

Value 


RT  = 

r*,  throat  radius. 

ft 

SAUR(l)  = 

First  estimates  of  x  ,  u  ,  a,  B,  and 

0  0 

y  for  the  special  throat  expansion. 
Required  only  if  <h>  6^. 

none 

-0.  15,  1, 
0.  5,  0.  3, 

-  1 

THFD  = 

0£,  faring  angle  (0^  >0.  =  >  no  faring). 

degrees 

5.  0 

THID  = 

inlet  angle. 

degrees 

THIW  = 

0.  ,  intersection  of  initial  line  and  wall. 

degrees 

12.  0 

1 

w 

THJD  = 

0.,  angle  defining  the  zone  farthest 

J 

degrees 

9.  0 

downstream 

VAR(l)  = 

First  estimates  of  x  ,  u  ,  a,  B,  and 

o  0 

Tfor  the  zone  farthest  upstream 

none 

0.  3,  0,  0, 
0.  1,  0.  1 

ZAX  = 

z  .  ,  intersection  of  initial  line  and 
axis 

none 

axis . 

ZI  = 

m,  number  of  upstream  zones. 

none 

3.0 

ZJ  = 

n.,  number  of  downstream  zones. 

J 

none 

2.  0 

(4) 

Characteristics  Mesh  Control  Data 

Assumed 

Item  Name 

Input  Quantity 

Units 

Value 

DL  = 

A l,  maximum  LRC  mesh  width. 

none 

0.  2 

DTWI  = 

A 6  ,  maximum  flow  angle  change  along 

degrees 

3.  0 

the  wall. 

DR  = 

Ar,  maximum  RRC  mesh  width. 

none 

0.  2 

EW  = 

€  ,  end  of  nozzle  wall  criterion, 

w 

none 

0.  001 

IMAX  = 

i  ,  maximum  number  of  iterations 

max 

per  mesh  point. 

none 

5.  0 

N1  = 

th 

n^,  select  each  n^  LRC  for  print. 

none 

1,  000 

N2  - 

til 

n^,  print  each  n^  point  on  selected 

none 

1.  0 

characteristics. 
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(5)  Nozzle  Wall  Contour  Data 


Item  Name 

Input  Quantity 

Units 

IWALL  = 

Option  flag. 

0  >  tabular  input 

1  >  cone 

2->  circular  arc 

3  =  >  parabola 

none 

If  the  wall  is  to  be  input  in  tabular  form  (IWALL  =  0): 

PW(1)  =  (r^,  z^),  wall  coordinates  i  =  1,2,  .....  n  points.  none 


viz.:  PW ( 1 )  =  r ^ ,  z ^  r^,  z2>  .....  r  ,  z  ,  0,  0. 
Note; 


J 


(a)  always  mark  the  end  of  the  table  with 
two  zeros. 


(b)  n  <  79  is  required. 

If  a  cone,  parabola,  or  circular  arc  contour  is  to  be  specified  then; 


THJW  = 

EPS  = 
RWMAX  = 
ZWMAX  = 

$ 

NOTE: 


0.  ,  attachment  angle  for  the  contour;  e.  g.  ,  for  a 
w 

cone,  the  conical  half  angle, 

€,  nozzle  expansion  ratio  (cone  only). 

rmax’  nozz^e  exit  radius  (parabola  or  arc  only. 

z  ,  nozzle  length  from  throat  to  exit  (parabola 
max  _  . 
or  arc  only). 

END  OF  CASE. 


degrees 

none 

none 

none 


A  case  is  defined  as  the  data  included  or  implied  between  the  $DATA 
card  and  the  $  signifying  the  end  of  case.  Whenever  a  value  is  input 
as  data  for  a  case,  that  value  will  remain  set  for  succeeding  cases 
until  a  new  value  is  input.  The  values  indicated  as  assumed  by  the 
program  hold  only  until  a  different  value  is  input.  If  more  than  one 
value  is  input  for  a  given  quantity  within  a  case,  the  last  value  given 
will  be  used. 


* 


295 


b.  TD2P  Program  Input 


The  program  input  for  the  Axisymmetric  Two-Phase  Perfect  Gas 
Plume  Analysis  computer  subprogram  is  an  extension  of  the  input  to  the  TD2 
computer  subprogram.  Input  to  the  T D2P  computer  subprogram  consists  of 
a  binary  start  tape  ((TAPE  8)  or  an  extend  disc  storage  file  (TAPE  8)  gen¬ 
erated  by  the  TD2  computer  subprogram.  The  same  NAMELIST  data  deck 
used  for  the  T D2  calculation  must  be  used  for  the  TD2P  calculation  and  is 
read  from  TAPE  8  automatically.  The  following  input  items  must  be  inserted 
into  the  data  deck  following  the  T  D2  data.  Additional  data  for  the  TD2P  sub¬ 
program  is  read  under  control  of  the  name  DATAP. 

$  DATAP 

Item  Name  Input  Quantity  Units 

PMA  =  ®PM»  The  P^ndtl-Meyer  expansion  degrees 

angle  to  be  used  at  the  nozzle  lip. 

NPM  =  The  number  of  Prandtl-Meyer  points  to  none 

be  generated. 

NPM  <  0  The  maximum  number  (98-IP) 
of  points  will  be  generated. 

NPM  =  0  Points  will  be  generated  one 
degree  apart  unless  less 
than  5  points  would  result. 

NPM  >  0  This  number  of  points  will  be 
generated  unless  the  maxi¬ 
mum  would  be  exceeded.  If 
the  maximum  would  be 
exceeded,  points  are  placed 
one  degree  apart  unless  this 
would  again  exceed  the  maxi¬ 
mum  or  would  result  in  less 
than  5  points, 

ZMAX  =  This  item  defines  a  cutoff  plane  for  the  none 

calculations.  The  run  will  be  termin¬ 
ated  when  an  axis  point  is  calculated 
located  downstream  of  Z  =  ZMAX. 

PCUT  =  If  a  Pressure,  Pg,  is  calculated  such  none 

that  the  ratio  Pg/PgQ  drops  below  this 
value,  no  more  points  will  be  calculated 
on  the  characteristic. 
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Item  Name 


Input  Quantity- 


Units 


Flag  for  auxiliary  radiation  output  on  none 

tape  unit  9,  (see  Description  of 
Program  Output). 

NPLOT  =  0  deletes  this  output. 

NPLOT  =  1  requests  this  output. 

2 

AREA  =  Flag  for  auxiliary  force  field  output  on  in. 

tape  unit  9.  This  item  is  also  used  to 
represent  the  frontal  surface  area  of  a 
body  in  the  plume,  (see  Description  of 
Program  Output). 

AREA  =  0  deletes  this  output. 

AREA  >  0  requests  this  output  e.  g.  , 

AREA  =  1. 


EMIS 

- 

tp,  particle  emissivity  used  for  the 
radiation  printout. 

none 

Cl 

= 

C  i,  force  coefficient  used  for  the 
force  printout. 

none 

/ 

C2 

= 

C2,  force  coefficient  used  for  the 
force  printout. 

none 

REMARKS 


If  the  mesh  width  control  items  DL  and  DR  have  been  input  as  part  of 
the  NAMELIST  DATA  deck,  these  items  should  be  deleted  for  the  plume  cal¬ 
culation.  The  TD2P  computer  program  will  then  assume  large  values  for 
these  variables  and  avoid  the  generation  of  many  mesh  points. 

The  last  item  printed  at  the  end  of  a  complete  TD2  calculation  is  the 
item  IP  =  nm,  where  nm  is  number  of  points  used  along  the  last  running 
characteristic.  Reference  should  be  made  to  this  number  to  determine  if 
sufficient  space  is  available  (98-IP)  for  the  Prandtl-Meyer  expansion. 

The  TD2P  computer  subprogram  is  not  suitable  for  running  consecutive 
cases. 


NPLOT  = 
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C. 


T  D2/T  P2P  Output  Description 


Program  output  may  be  viewed  in  detail  by  examining  the  sample 
case  in  Section  B.  5.  The  program  output  follows  the  sequence  listed  below: 

For  the  one-dimensional  inlet  and  the  axisymmetric  transonic 
throiit  calculations 

# 

(1)  The  values  k  and  m  for  gas-particle  equilibrium. 

S 

(2)  Initial  and  final  conditions  for  the  one-dimensional  inlet 
integ  ration. 

(3)  Converged  values  for  x0,  uQ,  a,  f3,  7  and  fj,  f;>,  f3»  ^ ,  f5 
for  each  transonic  flow  zone. 


(4)  The  corrected  estimate  for  k,  corrected  values  for  xQ,  uQ, 
a,  (3,  and  7  in  the  transonic  zone  containing  the  initial  supersonic  data  line, 

corrected  values  for  m  and  rhr>.. 

g  PJ 

(5)  Items  2,  3,  and  4  are  iterated  twice. 


Ppj, 


(6)  The  gas-particle  flow  properties  Pg,  Pg, 
and  v_.  along  the  initial  supersonic  data  line. 


ug,  vg, 


r, 


*4 


For  the  supersonic  method  of  characteristics  calculations  for 
the  nozzle  and  plume,  printout  may  occur  after  the  completion  of  each  mesh 
point  calculation.  Points  for  print  are  selected  as  follows: 


The  following  points  are  always  printed: 


axis  points. 

Kth  particle  boundary  points. 


initial  line  points, 
wall  points. 

Interior  points  are  selected  for  print  only  along  every  nj 
running  characteristic  and  only  at  every  n.,^  position  along  these 
characteristics. 


th 


left 


Inserted  points  are  printed  if  all  points  are  to  be  printed 

(nj  =  n2  =  1). 

The  items  printed  are  listed  below  in  the  order  they  appear,  left  to 
right,  on  the  output  sheet.  A  header  is  printed  for  identification  purposes 
above  each  characteristic. 
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Row  One: 


Item 

Meade  r 

Meaning 

Units 

LRC  number 

LRC 

Left  running  characteristic 
numbe  r. 

none 

Ident.  number 

ID 

Type  of  point  (see  below). 

none 

r 

R 

r  position  coordinate. 

none 

z 

Z 

z  position  coordinate. 

none 

M 

MACH 

Mach  number. 

none 

T 

g 

TG 

Gas  temperature. 

°R 

V 

g 

VG 

Gas  velocity  (scalar). 

ft/ sec 

0 

g 

THETA-G 

Streamline  angle 

degrees 

T  /  T 
g  g0 

TG/TGO 

Ratio  of  gas  temperature  to 
chamber  temperature. 

none 

P  /P 
g  gQ 

PG/PGO 

Ratio  of  gas  pressure  to 
chamber  pressure. 

none 

VP«o 

DG/DGO 

Ratio  of  gas  density  to 
chamber  density. 

none 

Sfp/Pg 

SDK/DG 

Ratio  of  total  particle  density 
to  gas  density. 

none 

CF 

CF 

Thrust  coefficient. 

none 

I 

sp 

ISP 

Specific  impulse. 

sec. 

interaction  no. 

IT 

Number  of  interactions  required. 

none 

Rows  Two  through  K+l 

A  row  is  printed  for  each  particle  size,  k=  1,  .  .  .  ,  ,  K. 

Item 

Header 

Meaning 

Units 

k 

K 

Particle  size  number. 

none 

Re, 

k 

REK 

Particle  Reynolds  number 

none 

% 

VPK 

Particle  velocity  (scalar). 

ft/sec 
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F 


Item 

He ado  r 

Meaning 

Units 

6Pk 

THETA-K 

Particle  streamline  angle. 

degrees 

TPk 

TPK 

Particle  temperature. 

°R 

PPk/p8 

DPI<  /  DG 

Ratio  of  particle  density  to 
gas  density. 

none 

PP1</PPo 

DPK/DPO 

Ratio  of  particle  density  to 
chamber  particle  density. 

none 

'Pk 

R  PK 

Particle  radius 

ft 

d.  Additional  Output 

Table  B- 1  illustrates  additional  output  options  as  discussed  below. 


(1) 


Force  Field  Print 


If  the  force  field  auxiliary  output  is  requested  (AREA  >  0)  the 
following  items  will  be  computed  and  written  on  tape  unit  9, 


F 


Item 
C  ,  A 

_ i_  y  p  m2 

144g  2  g 


Units 


lb. 


Pk 


C  2  A 


V 


144g  Pk  pk 


lb. 


Fp  =  k=l 


max 


F 


Pk 


lb. 


F  =  F  +  F 
g  P 

F  /F 
P  g 


lb£ 

None 


The  quantities  Cj  and  (which  are  nondimens  ional  force 
coefficients)  and  A  (which  is  surface  area  in  square  inches)  are  input  as  Cl, 
C2,  and  AREA. 


(2)  Radiation  Print 

If  the  radiation  auxiliary  output  is  requested  (NPL0T  =  1)  the 
following  items  will  be  computed  and  written  on  tape  unit  9. 


I 
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Table  B-I.  OPTIONAL  OUT  PUT  -  RADIATION  AND  FORC  EFIELD  PROPERTIES 
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Item 

Header 

Meaning 

Units 

Row  1: 

LRC  number 

LRC 

Left  characteristic  number. 

none 

Ident,  number 

ID 

Identification  code. 

none 

r 

R 

r,  radial  coordinate 

none 

z 

Z 

z,  axial  coordinate 

none 

Rows  1  through  k 

(he., 

max 

for  each  particle  size  k  =  1,  ... 

^max^: 

N 

Pk 

NPK 

Particle  number  density 

number  of 
particles  /ft^ 

*1 

RAD  PK 

BTU/sec 

RAD  BAR  PK 

BTU -number  of 

particles/ sec 

T4 

pk 

TPK  4 

OR4 

Row  k  +  1 : 

max 

T4 

P 

TEAR  4 

Effective  particle 
tempe  rature 

°R4 

whe  re : 
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d.  SLINES  Subprogram 

This  computer  subprogram,  SLINES,  was  developed  to  provide  the 
necessary  interface  between  the  TD2  and  TD2P  subprograms  and  the  KIN  CON 
subprogram.  Basically,  the  program  interpolates  from  data  points  on  the 
characteristic  lines  (TD2  and  TD2P  results)  to  determine  points  of  constant 
percentage  of  mass  flow  running  through  the  throat,  nozzle,  and  plume. 

Subsection  (1)  lists  the  program  variables  FORTRAN  names, 
symbols,  and  definitions.  Subsection  (2)  discusses  the  program  logic  inter¬ 
polation  equations  and  editing  technique.  Subsection  (3)  provides  the  user 
with  the  necessary  operating  information.  Subsection  B.  5  provides  input 
and  output  for  a  sample  case  of  the  MULTRAN  program,  which  includes  the 
output  from  SLINES  (last  portion). 

(1)  FORTRAN  Variables 


The  FORTRAN  names  given  are  the  names  used  throughout  the 
program.  The  symbols  are  used  in  the  text  of  this  document. 


FORTRAN  NAME 

SYMBOL 

DEFINITION 

Z 

Z 

The  axial  distance  of  a  point  on  a  stream¬ 
line. 

R 

R 

The  radial  distance  of  a  point  on  a 
streamline. 

P 

P 

The  pressure  at  a  point  on  a  streamline. 

S 

S 

The  distance  from  the  initial  point  on  a 
streamline  to  a  given  point  on  a  stream¬ 
line. 

T 

T 

The  temperature  at  a  point  on  a  stream¬ 
line. 

V 

V 

The  velocity  of  the  gas  at  a  point  on  a 
streamline. 

KD 

i 

The  i*"^1  point  along  a  streamline. 

(1<  i<  n) 

JD 

n 

The  total  number  of  points  along  a  stream¬ 
line  before  editing. 

ID 

j 

The  streamline  identification  number. 

(1  <  j  <m) 

NSL 

m 

The  total  number  of  streamlines. 

K 

k 

A  given  point  on  a  characteristic  line. 

(1  <  k  <  NPTS) 
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FORTRAN  NAME  SYMBOL 


DEFINITION 


NPTS  -  Total  number  of  points  on  a  given 

characteristic  line. 

N  N  The  number  of  points  on  a  streamline 

in  the  throat  only. 

PCM  11  The  percentage  of  normalized  integrated 

total  mass  pertaining  to  the  point  on  a 
characteristic  line. 

PCS  f  The  percentage  of  normalized  integrated 

total  mass  criteria  for  a  streamline. 


R,  P.  S,  T,  V 

ZMGKS, 

RMGKS, 

PMGKS, 

TMGKS, 

VMGKS 

X 

DSK 

AS 

SX 

snP 

SID 

- 

T0TM 

- 

ZMGKS 

- 

RMGKS 

- 

PMGKS 

- 

TMGKS 

- 

ZINIT 

- 

PINIT 

The  class  of  parameters  pertaining  to  the 
properties  of  a  point  on  a  streamline  or 
characteristic  line.  Each  parameter  is 
defined  elsewhere  in  this  glossary. 


The  streamline  distance  criteria  used  in 
editing. 

The  distance  of  the  streamline  from  the 
supersonic  start  line  through  the  nozzle 
and  plume. 

The  name  of  the  namelist  through 
which  the  user  input  data  is 
provided. 

The  integrated  total  mass  along  a 
characteristic  line. 

The  axial  distance  at  a  point  on  a 
characteristic  line. 

The  radial  distance  at  a  point  on  a 
characteristic  line. 

The  pressure  at  a  point  on  a  characteristic 
line. 

The  temperature  at  a  point  on  a 
characteristic  line. 

The  distance  of  the  initial  point  on  a 
streamline  (ZINIT  =  S  (j,  1)  =  0). 

The  pressure  at  the  initial  point  of  a 
streamLine. 


FORTRAN  NAME  SYMBOL 


DEFINITION 


TINIT 

*” 

The  temperature  at  the  initial  point  of  a 
streamline. 

VINIT 

- 

The  gas  velocity  at  the  initial  point  of  a 
streamline. 

MGKSK 

- 

The  total  number  of  points  on  a  stream¬ 
line  afte  r  editing. 

EXIT 

- 

The  streamline  distance  of  the  last  point 
on  a  streamline  [EXIT  =  S(j,  MGKSK)]. 

(2)  Program  Description 


The  program  runs  on  the  CDC  6500  computer  system.  It  is 
written  in  FORTRAN  IV  and  requires  a  field  length  less  than  40,  OOOg.  A 
nominal  case  providing  ten  streamlines  will  require  less  than  7  central 
processor  seconds  and  less  than  20  peripheral  processor  seconds  to  execute. 

The  program  includes  five  distinct  functions: 

1 .  Input 

2.  Streamline  Location 

3.  Data  Interpolation 

4.  Data  Editing 

5.  Output 

Each  function  is  discussed  in  the  subsequent  paragraphs. 

(a)  Data  Input 

Two  sources  are  required  for  data  input:  cards  via  NAME- 
LIST  which  is  user  data  allowing  the  program  to  know  how  many  streamlines 
are  desired  and  the  percent  mass  flowing  within  a  torroid  bounded  by  each 
streamline;  and  logical  file  TAPE  12  (tape  or  disc)  which  provides  the 
program  with  data  from  the  TD2  and  TD2P  subprograms  on  which  to 
operate. 

The  data  from  the  TD2  and  TD2P  subprograms  consists  of 
two  records  for  each  characteristic  line.  The  first  record  tells  how  many 
points  are  on  the  characteristic  line  and  the  total  integrated  mass  associated 
with  the  characteristic  line.  The  second  record  contains  the  data  designating 
the  location,  pressure  and  percentage  of  the  normalized  integrated  total 
mass  for  each  point  on  the  characteristic  line.  The  first  requirements  of 
the  program  is  to  provide  initial  temperature  and  velocity  properties  of  each 
streamline.  Therefore,  the  initial  characteristic  line  has  an  additional 
record  of  data  associated  with  it  which  gives  the  temperature  and  velocity 
properties  associated  with  each  point  on  the  initial  characteristic  line.  This 


record  follows  the  first  two  records,  in  order.  The  last  record  of  both 
the  TD2  and  the  TD2P  subprograms  contain  a  one  word,  negative  number, 
record.  This  permits  the  program  to  know  when  there  are  no  more  char¬ 
acteristic  lines  provided  by  the  respective  programs. 

(b)  Streamline  Location 

The  definition  of  a  streamline  is  that  line  which  runs 
through  the  throat,  nozzle,  and  plume  bounding  a  given  constant  percentage 
of  the  mass  flow  between  it  and  the  nozzle  axis. 


There  are  a  discrete  number  of  points  on  a  characteristic 
line.  The  properties  at  any  point  usually  will  not  meet  the  criteria  for  a 
point  on  the  desired  streamline,  therefore,  interpolation  must  be  performed 
between  the  two  input  data  points  which  bound  the  desired  point  on  the 
streamline  in  order  to  obtain  the  necessary  properties  (location  and 
pressure)  on  the  streamline. 


The  initial  point,  with  regard  to  distance  along  a  stream¬ 
line,  is  designated  as  the  interpolated  point  on  the  initial  TD2  subsonic 
start  line.  Each  subsequent  streamline  point  has  a  distance  corresponding 
to : 


S. 

1 


Si-1  + 


<Zi" 


Zi-1> 


+  (r,  -  r.  ,r 


1/2 


whe  re 


S  =  the  distance  along  the  streamline 
Z  =  axial  distance  along  the  streamline 
R  =  radial  distance  along  the  streamline 
i  =  the  it'1  point  along  the  streamline  (1  -  i  i  n) 
n  =  the  total  number  of  points  along  the  streamline 
As  previously  stated,  Sj  r  0. 

(c)  Data  Interpolation 

Linear  interpolation  is  used  to  locate  a  streamline  point 

as  follows: 


X.. 

J1 


Xk-1  + 


n  '  "k-n 

X,  -  X,  , 

\-\-i 

k  k- 1 
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a  where: 

l.V 

k 

X  -  the  required  streamline  property  (location,  pressure,  mass, 
etc.  ) 

£  =  the  percentage  of  normalized  integrated  total  mass  criteria  for 

the  streamline 

*1  =  the  percentage  of  normalized  integrated  total  mass  pertaining 

to  the  points  on  the  characteristic  line 

k  =  the  point  on  the  characteristic  line  having  the  greater  value 
and  bounding  the  streamline  value 

k-1  =  the  point  on  the  characteristic  line  having  the  lesser  value  and 

bounding  the  streamline  value 

t  h 

i  =  ths  i  point  along  the  streamline  (1<  i<n) 
n  =  the  total  number  of  points  along  the  streamline 
j  =  the  streamline  identification  number  (l<j<m) 
m  =  the  total  number  of  streamlines 
(d )  Data  Editing 

There  exists  two  reasons  for  editing  the  streamline  data 

before  output: 

1.  Due  to  the  change  in  the  nature  of  the  characteristic  lines  at  the 
supersonic  start  line  in  conjunction  with  the  logic  used  previously 
in  the  program,  there  exists  a  redundant  point  along  the  axis 
streamline  at  the  supersonic  start  line.  This  redundant  point 
must  be  removed. 

2.  The  KINCON  program  will  accept  a  maximum  of  101  data  points 
for  each  streamline. 

To  locate  the  redundant  point  along  the  axial  streamline, 
the  points  along  that  streamline  are  searched  until  two  points  are  found 
which  have  no  separation  distance.  The  redundant  point  and  its  associated 
properties  are  removed  from  that  streamline.  In  addition,  the  location  of 
that  point  provides  information  as  to  the  location  of  the  supersonic  start 
line  and  the  number  of  points  in  the  throat,  along  the  streamline,  which  will 
be  required  for  use  in  subsequent  editing. 

It  is  desirable  that  each  point  and  its  relevant  properties 
along  each  streamline  in  the  throat  be  provided  as  input  to  the  KINCON 
program.  Therefore  these  data  are  not  edited.  The  remaining  points  along 
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the  streamline,  in  the  nozzle  and  plume,  must  be  edited  by  some  criteria 
which  will  limit  the  total  number  of  points  along  the  streamline  to  not  more 
than  101.  The  criteria  chosen  is  such  that  each  point  (exclusive  of  the  last 
two  points)  in  the  nozzle  and  plume  shall  be  separated  by  at  least  some 
distance  determined  by: 


snp 

_ 1 _ 

100  -  N. 
J 


where 

AS  =  the  distance  criteria  for  editing 

Snp  =  the  distance  of  the  streamline  from  the  supersonic  start  line 
through  the  nozzle  and  plume 

N  =  the  number  of  points  along  the  streamline  through  the  throat  to 
the  supersonic  start  line 

j  =  the  streamline  identification  number 

The  last  point  along  the  streamline  is  always  made  available  for  output 
regardless  of  its  distance  from  the  previous  point. 

(e)  Output 

The  output  of  this  program  is  both  printed  and  written 
onto  a  logical  file  (TAPE  8).  The  printed  output  is  provided  for  the  scrutiny 
of  the  user.  The  TAPE  8  file  output  is  for  use  as  input  to  the  KINCON 
program.  The  written  data  contains  only  that  information  which  is  necessary 
for  the  operation  of  the  KINCON  program.  The  printed  output  provides  the 
same  data  as  the  TAPE  8  file  output  but  also  contains  other  pertinent  data 
which  allows  the  user  to  determine  the  validity  of  the  data.  A  sample  of  the 
printed  output  may  be  found  in  Subsection  R.  5. 

(3)  Program  User's  Manual 

Input  to  the  computer  program  is  divided  into  two  subsections: 

(a)  NAMELIST /SID 

(b)  Logical  File 

Written  output  from  the  computer  program  is  on  logical  file 
unit  number  8.  The  sample  case  provided  in  Subsection  B.  5  details  the 
loadsheet  for  the  NAMELIST  card,  and  computer  output. 


308 


(a)  NAMELIST /SID 


The  NAMELIST  feature  permits  the  input  of  parameters 
without  a  format  specification.  The  NAMELIST/SID  contains  two 
parameters : 

1.  NSL;  the  number  of  streamlines  for  which  the  program  is  to 
provide  data. 

2.  PCS;  an  array  of  up  to  ten  mass  %  values  which  provide  the 
criteria  for  the  streamline  definition.  The  variable  NSL  determines 
the  number  of  values  which  must  be  input. 

The  two  permissible  formats  for  PCS  are: 

1.  PCS(l)  =  a,  b,  c . .  j  where  a  through  j  are  the  quantities 

corresponding  to  the  PCS  criteria. 

2.  PCS(2)  =  b,  PCS(l)  =  a,  PCS<4)  =  d,  PCS(5)  =  e,  PCS(7)  =  g, 
PCS(3)  =  c,  and  so  on. 

(b)  Logical  Files 

The  logical  file  input  may  be  either  tape  or  disc  file.  The 
unit  number  for  the  logical  file  is  12.  This  means  that  the  logical  file  name 
used  on  the  REQUEST  or  ATTACH  card  must  be  TAPE  12.  The  data  on. the 
logical  file  is  provided  from  the  TD2  and  TD2P  programs.  The  data  is 
binary  (unformatted). 

B.  5  SAMPLE  CASE 

Included  in  the  section  are  the  computer  input  and  output  for  a  sample 
case  using  the  MULT  RAN  program  as  an  independent  program.  The  sub¬ 
programs  to  MULT RAN,  which  are  called  sequentially  are  TD2,  TD2P  and 
SLINES.  The  use  of  MULTRAN  as  a  subprogram  to  CON  TAM  for  the 
analysis  of  contaminant  transport  is  illustrated  in  Section  4  at  the  main  text. 
To  illustrated  the  use  of  MULTRAN  as  an  independent  program  for  other 
than  bipropellant  contaminant  transport  analysis,  the  sample  case  in  this 
section  is  for  a  solid  rocket  motor  nozzle  and  plume. 


(B-2)H.  H.  Radke,  L.  J.  Delaney,  and  Lt.  P.  Smith.  Exhaust  Particle 

Size  Data  from  Small  and  Large  Solid  Rocket  Motors.  San  Bernardino 
Operations,  Aerospace  Corporation,  Report  No.’  TOR-1001  (S2951-18)-3 
July,  1967. 
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The  calculation  is  performed  for  a  typical  solid  propellant  engine 
operating  at  a  chamber  pressure  of  2,  250  psia  whose  exhaust  contains 
13.  6%  AI2O3  by  weight.  The  particle  size  distribution  was  obtained  from 
experimental  data  of  Radke,  Delaney  and  Smith  (Reference  B-2).  Six  par 
tide  sizes  are  assumed  with  radius  yielding  weight  flows  as  follows: 

Particle  Size  (ft  x  10^)  Weight  Fraction  of  Total  Particles 


4.  92 
9.  84 
16.  32 
22.  90 
29.  40 
36.  20 


0.  0214 
0.  1180 
0.  2390 
0.  3260 
0.  2344 
0.  0612 

1.  0000 


A  complete  set  of  Control  Cards  and  Data  Cards  for  the  sample  case  are 
listed  oroceeding  the  sample  case.  The  use  of  the  LIBLIST  system  routine 
is  illustrated  in  Table  B-J.I,  showing  the  control  cards  which  allows  the 
user  to  select  the  appropriate  overlay  structure  for  a  particular  case, 
thereby  reducing  core  requirements  (in  this  case  from  220,  000  for  the 
complete  CONTAM  program,  to  135,  000  for  MULTRAN) 
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Table  B-II.  MULTRAN  SAMPLE  CASE  OUTPUT 


CATALOG  OF  .  ILE  LG1 


RECORD  NO, 

LEVEL  NO,  LENGTH 

_ OCTAL.  OhClMAL  OCTAL (B) 

PACKAGE 

1 

<CARD 

!MAGE><OV£RLAY(AFILE,0,0)  > 

2 

0 

348 

534 

H612 

3 

<CAHD 

IMAGE><0VERLAY(CFILE,2,0)  > 

4 

0 

46 

56 

D'JH2 

5 

<CARO 

IHAGEXOVERLAY(DriLE,3,0)  > 

_  .6 

_ a _ 

—964 

..  _  J.70.4 

T  0  2 

7 

0 

1425 

2621 

BLKDATA 

6 

0 

1274 

2372 

PART l L 

9 

0 

62 

76 

N2MAJN 

CHKSUM 


5203 

4404 

1730 

5026 

7452 

1266 


l 
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4ft 

0 

448 

TOO 

PRINT 

3772 

47 

0 

485 

"  <5 

STRMI.N 

4042 

48 

0 

640 

1.  -0 

AXISPT 

1063 

49 

0 

242 

362 

ERROR 

2410 

50 

0 

1388 

2554 

KPBPTP 

2422 

51 

0 

1307 

2433 

PTINT 

9115 

52 

0 

3» 

46 

NEXT 

5473 

53 

0 

55 

67 

CR I T 

6146 

54 

0 

181 

265 

ACOMP 

1200 

55 

0 

107 

153 

SUMP1 

4267 

5ft 

n 

59 

73 

TAFN 

1476 

57 

n 

99 

143 

efn 

3303 

59 

0 

7« 

117 

CHECK 

6143 

59 

0 

127 

177 

AD  JK 

7316 

60 

0 

122 

172 

SUMP2 

2423 

61 

0 

128 

200 

FIND 

2045 

62 

<C  AHD 

IMAGEXQVfcRLAYtXMGKSi 

>5(0)  > 

63 

0 

697 

1271 

XMGKS 

5713 

64 

<CARD 

iMAGEXOVEHLAYtFFILE, 

■6(0)  > 

65 

0 

417 

641 

SCREEN 

4305 

6ft 

0 

109 

155 

gtf 

7305 

67 

0 

293 

445 

STF 

2315 

69 

0 

129 

201 

APPROX 

647 

69 

0 

128 

200 

FIND 

2045 

70 

0 

73 

111 

STOICC 

4367 

71 

0 

93 

135 

SPIN 

6613 

72 

0 

119 

167 

DRIVER 

2407 

73 

0 

72 

110 

AF073C 

2034 

74 

<CAHD 

IHAGEXQVERtAYtFFILE 

.6,1)  > 

79 

0 

48 

60 

LINKlO 

3673 

76 

0 

573 

1075 

TT  APE 

2507 

77 

0 

142 

216 

COLOUT 

4242 

78 

<CAHP 

IMAGFXOVERLAY<FFIie 

,6,2)  > 

79 

0 

48 

60 

LINK20 

4316 

80 

0 

1322 

2<52 

INPUT 

7270 

81 

0 

10B5 

2075 

SPRX I N 

2545 

92 

0 

274 

<22 

ec.nv 

4014 

83 

0 

64 

124 

number 

6521 

64 

<t  AHD 

imagexoverlayiffile 

,6,3)  > 

85 

o 

48 

60 

L  I N  K  3  0 

7777 

86 

0 

474 

732 

STFSET 

757 

67 

<CARH 

tHAGFXOVER|.AY(FFlLfc 

,6,4)  > 

89 

0 

49 

60 

UNK41 

4625 

89 

0 

488 

750 

PACKlP 

6516 

90 

0 

299 

453 

CONVRT 

6407 

91 

0 

455 

7Q7 

PRES 

1213 

92 

0 

674 

1242 

ADDFIT 

5561 

93 

n 

597 

1125 

slp 

2727 

94 

0  . 

50 

62 

TCAlC 

1022 

95 

<CAHD 

IMAGFXQVERIAY(FFII.E 

,6,5)  > 

9ft 

0 

46 

60 

LINK42 

6501 

312 
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97 

0 

599 

1127 

DER 1 V 

3665 

98 

0 

1(196 

2« '  R 

MAJN 

5346 

99 

0 

197 

v  .  i 

fcT 

4655 

IPO 

0 

536 

10jn 

SCRX 

1612 

101 

n 

410 

632 

riu 

6066 

102 

0 

95 

137 

UTJL 

7731 

103 

0 

825 

1471 

OUTPUT 

4212 

104 

n 

424 

650 

I  NT 

7206 

105 

0 

5B5 

1111 

1AUX 

7141 

106 

n 

67 

103 

PRNTCK 

6136 

107 

0 

7Q0 

1274 

SHOCK 

4730 

108 

0 

103 

147 

TREE 

3566 

109 

0 

717 

1315 

ADDXXX 

2512 

110 

0  . 

18? 

267 

PLTSUB 

3375 

111 

0 

435 

663 

IAUX1 

6200 

112 

n 

17B 

26? 

VAPOR 

2006 

113 

0 

95 

137 

ITER 

6300 

114 

0 

95 

137 

OUTXXX 

4157 

115 

R 

632 

1170 

conad 

3070 

116  . 

...  .  .  0  .... 

_ 298 

.  ..  ._  452 

LESK 

4332 

117 

0 

151 

227 

DROPS 

7733 

118 

<CAHD 

IHAGEX0VERLAY(rriLEi6,6)  > 

119 

0 

140 

214 

LINK50 

6172 

120 

0 

189 

275 

dscplt 

6736 

121 

n 

71 

107 

MAXMJN 

4453 

.122  .... 

_  _Q  . 

.  lie 

..  .  166 

..  SCAl 

3562 

123 

17 

LEVEL 

0 

17GR0UP 

0 

LENGTH  IS 

41695  121337 

0 

**•••  fcNO  KILE 
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CONTROL  CARD  AND  DATA  LISTING 


M612, 2,1500, 800,600,12000,135  000. 

ID _ HOFFMAN  AQ3833RBPQ47A1?  4QH612  96157 

BEQUEST  iCONTaMjHY  ,  <14640) 

REQUEST, TAPE?, Hy  ,  (PESEPyF) 

COP  YiF (C0NTAM, RtL ) 

C0PY8F (CONTAM, TAPE4  ) 

C0PY6F  (Cf1NTAM,UCflNT) 

weH^PCREL  i _ 

REU I ND ( T  APE4 ) 

REWIVD(UCOMT) 

.RETURN ( CONTAM) 

RFL, 100, 

RFL,60D00, 

UPDATE ( P«UCQVT  ) _ 

PUK (S , ,1001, COMPILE) 

REfcJMDdGO) 

..m.ioo, 

RFL, 135000, 

COP’/LIB(lG1iLQO,rEU 

■  «6i.RO(LtLL3 _ 

LISTIT(LGI) 

9ETC0RE, 

LQADILCD. 

N  0  Q  0  , 

RFL, 115000, 

Jl£  ILL, _ 

REWINDTTaPE?) 

C0PYCF(TiPE9, OUTPUT) 

JLEIUM<_T.APE9_)  _ _ 

EXIT, 

REK  I ND ( T  APE? ) 

CflLTmLl-UP.Ly.gUTP-U.L3 _ 

RETURN ( T APE?  ) 

_1|DEMT,SEPT14  _  _ 

•DELETE , TD2 , 1)4 

CALL  MAXTP(NPG,NPPS,NCPS,N4,M5) 

•DELETE, TD2. 164 _ 

CALL  MAXTP<NPQ,NPPS,NCPS,L4,N5) 

•DELETE, TD2P, 91 

_  CALL_ttAXTp{NPG,NPP-$i_NCP-S.,M,N5) 

•DELETE, TD2P, 127 

CALL  MAXTP(NPG,NPPS,NCPS,N4,N5) 

•DELETE.XMGKS.10 _ 

CALL  MAXTP(NPG,NPPS,NCPS,N4,M5) 

•DELETE, XMGKS, 134 

Call  MAXTP(NPG,A|PPS|MCPS.N4,N5) 


Table  B -  II— Continued 


•DELETE,  SCREFin  ,  e>7 

CALL  «AXTP(NPG,NPPS,^C',S,.S4IM5 ! 

_» _ 

OVE  Ru  AV  (  *F  1  LF7 ,  0  ,  0  > 

W612 

overlay  <  cr  j  we , o  > 

DUP2 

OVERLAY( nF ILF . 3,0) 

_IP3 _ 

rlkdata 

OVERLAY ( PE ! LF , A , 0  ) 

TP2P 

0VERLAY(XMGKS,5,0) 


XMGXS 

OVERL*Y(rr  I  Lli ,  ( ,  0  ) 
SCREEN 

_ SI£ _ 

STF 

APPROX 
E  l  N  D 
STCJCC 
SPLN 

OVERLAY ( FT  ILE i 6, 1 J 
LINK10 

OVERLAY(FF  ILE, A, 2) 

L  I A  K  2  0 

0VERLAY<FF1LF,6,3> 

LJNKOi 


LINM1 

0 VERL AY ( FF I LF , 6 , 5 ) 

LIAK42 

BEPIV 

0VERLAY(FFILF,6,ft) 


SNCASE  ICASE‘1* 

J I  PATH  M0Z2Lt  =  T#PLU^fc*T.SLXKbS«T$ 

IDATA  CAPN.0,6,  CPG«1!>7S0,P,  CPL«S900 , 0 ,  CP?  =  iS700 , 0 ,  GAMMa«1,210, 

QHG0»5, OBE-S,  HPLs4,03606E7,  HpSs2 , 7B6nt>F 7 ,  PR*<\82?,  RCAPb1917,0, 

-EXjLllllMb  T.Gfl  =  t.?5CiP< _  .  _ _ 

SMP»25Q,0,  TPM=4170 , 0 , 

R<l)»4,92E-6,9(84E»6,1613?E-6,2?,9E-6,29,«fc-6,3A,?E-6,  <0 ,  P  f 
H  P  H  G  T ■ 0 .136, 

WP*T(1> *0,0214,0, 1180, 0,2390, 0,3280,0,234 4,0,  f>612, 

RR  T»2 , 5  , 
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z*x«o,e, 

Nl»5 1 

1  «  THjwi2i,0(  EPS«7,44>  ThlD»3f'1'l#  NT  APfc«8  i 

SDATAP  PMA  i&O ,  0 »  NPM«-1,  7MAXi8n,0i  PCOT«0,0fi6‘53, 

Nl«5, 

AH£A»1 1  Q  i  |  S«  0 , 3 ,  Cl«l,U,  C2.1.Q,  GW**AQjB!L«5i-«_J_. 
1510  NSLi5#PCS(l)«0,0,PCS(2)*n,?,ec(;<3>*Ui4,PCS(4)»n,6i 


nplot  *1» 
PCST5T*o7ft 


« 


PTw'T'V^'- 


'  "l,-i  ** ' ■  wTin|!fli  viywrpw'm'".9\'\vi v<K>v»y.»w*mJ\>  vyi '.(»  n  r 
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T02  (NOZZLE  -  NAHEL I  ST/DATA  PRINTOUT 


CAPN  ■  0,66*00* 

CPI  ■  “ 0^856*04", 

CPS  ■  0,676*04, 

PR  ■  0  ,  b22E*  0  0  * 

Dt  ■  0)26*00) 

JR  i  0,26*00) 

o 

DT W 1  ■  0,3E*01, 

~EW  ■  ~  0  ,  J.E-02, 

IA  ?  0,0)  0,0)  0.1E*01)  0,125E*01,  0,1E*01,  0,1255E*01,  0,1E*01> 

0,i26E*01,  0 , 1001E*0! ,  O,i260E*ni,  0,10026*01)  0,l5fl2E*01, 

0,10636*01)  0,19956*01,  0,11416*01,  0,25lE*01,  0,12246*01, 

_  .-.0,3166*01)  0,13156*01)  0,3986*01)  0,1412E*(!1,  Q,50lE*01, 

0,15176*01)  0,6316*01,  0,1625E*01,  0,7956*01,  0,17456*01, 
0,16*02,  0,10746*01,  0,1206*02)  D,2026E*01,  0,15B2E*02, 

0,21006*01)  0 ,1995E*02,  0,2364fc*01,  0,2516*02,  0,25556*01, 
0,316E*02,  0,2766*01,  0.3986*02,  0,3E*01,  0,50lE*02, 

0 , 32526*01 ,  0 ,6  316*0  2,  0,35346*01,  0,795E»02,  O,3025E*O1, 

..  _  0,11*03,  0,4155E*01,  0,3166*03,  0,796*01,  0,16*04,  0.2E*02, 


0,10016*04, 

0,20026*02 

,  o, 

16*06, 

0 1 2  E  ♦  n  4  c 

0,0,  0 i 

.0,  0, 

>0, 

0,0) 

0,0, 

0,0,  0 i 0 i 

0.0, 

0,0, 

0,0, 

0, 

0 i  0,0, 

0,0, 

0.0, 

0,0) 

0,0, 

0,0,  0  1 0 1 

0,0, 

0,0, 

0,0, 

0, 

0 ,  0,0, 

0,0, 

0.0, 

0.0, 

0,0, 

0,0,  0,0, 

0,0, 

0,0, 

0.0, 

0, 

0 ,  0,0, 

0,0, 

0.0, 

0.0, 

0,0, 

0,0,  0,0, 

0,0. 

0,0, 

GARMA  V  0,1216*01, 
QMGQ  *  O.5O0E-O4, 

HPL  ■  0,403606E*0e, 

HPS  *  0,2706066*06, 

I MA  X  *  5, 

Ni  *  5, 


N2  -  1, 
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PC  ■  0,225E*04, 


-IM  i  o«0, 

0,0, 

0.0, 

0,0, 

0,0, 

0,0, 

0,0, 

b,0, 

0,0, 

0,0, 

0,0 

0.0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0 

0,0, 

0,0, 

0.0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0 

0,0, 

0,0, 

0.0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0 

0.0, 

0,0, 

0.0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0 

0,0, 

0,0, 

0,0, 

0,0, 

0,0. 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0 

0.0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

o,o 

0.0, 

0,0, 

0.0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0 

0.0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0 

.  .  ....  o.o, 

0,0, 

0,0, 

0,0, 

0.0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0, 

0,0 

0.0, 

0,0, 

0,0; 

0,0, 

0,0, 

0,0, 

0,0, 

n  ■  g,492fe«0!>,  Q,984E»0b,  0,l«3?E*O4,  0,2296«Q4,  0,2946-04, 

0 • 3626-04 ,  0,0,  0,0,  0,0,  0,U, 


J.CAP  t  0,19176*04, 

PMOPO  ■  0,0, 

9MP  ■  Q,29fc*03, 

TGO  i  0,629E*04i 

TPM  ■  Q,417E*04, 

CPG  ■  0,1573E*Q5, 

-NllP  •  .19. 

THIO  ■  Q,3E*02, 

UPMT  ■  U.214E.01,  0 ,118E*00,  0,2396*00,  Q,326F*no,  0,23446*00, 

Q.612E-01,  0,0,  0,0,  0.0,  0,0, 

’*T  ■  0,697E*O0, 

PRT  h  0,236*01, 

WPWQT  ■  0,1366*00, 

"bzMJN  *  0.2E-02, 

-IFQ  ■  0, 

TMO  *  Q,IE*04, 

X 


318 


I 


HNO 

^  o  4 

c  n  to 

cm  wm 

®  N 


K)  h  i\ 

aHND 

*-•  o  CI  O 
W  fO  ft>  o 


*> 

)C  O  (U  c 

<N 

» 

F~ 

o 

X 

*-• 

CD 

CL 

z 

t- 

cm  m  o 

m 

*-•  H  O  H 

c/> 

<o 

W  •  •  • 

z 

4 

a.  o  ci 

o 

ro 

t-DOO 

*— « 

a 

WW  CM 

cm  r*  <*  >o  <c 

CD  O  O 

rs  <t 

NN« 

►- 

ro 

o  <o  o 

3  0  000 

O  CO  O 

o  o  o 

◦  O  O 

+-+ 

CM 

•  •  •  •  ■ 

ft  ft  ft 

ft  ft  ft 

ft  ft  ft 

3 

4 

til  m  .ii  m  m 

UJ  UI  UI 

UI  UI  UI 

UI  UI  UI 

2 

M>  'CO  fO 

to  *  o 

COW 

O  CM  to 

O 

in  o  o  o  n 

o  in  o 

cm  ro  to 

o  nj\ 

u 

■ 

—•  O  4  W 

— »  O  CM  O  X*  CM 

^  r*.  cm  w 

^  to  n  to 

N  ft 

o 

w  K  O 

«oor)No 

•-•CO  o  CM 

—•«>  in  to 

•-•in  min 

X 

zz 

a.  rv  «  to 

w  ro  cc  *  r*.  o- 

w  to  cv  to 

wMT.O 

3 

• 

3  -  -  - 

Il«4)»OIM 

U.HOD 

u~  in  ro 

u.  CM  CD 

*-« 

OO 

w  m  w  4  4' 

to  CC  CL 

«  cc 

ft  ftK 

x 

rO*  1-44 

■i  •  M  • 

or 

K5  CM  H 

CD  rCWWC 

rt  ^  a  o  c 

4  to  1-1  c*  c; 

CV  W  4  C.  13 

*-• 

=> 

HrtH 

■  ■  ■  ■ 

ft 

•  ft 

ft 

3 

€1 

3 

in 

CM 

m 

3 

O 

o 

HOHHH 

rf  H  H  rl  H 

HHHHH 

CM  rtHHH 

Ui 

O 

•V  Cfv 

o  o  o  «=» 

o  c  o  o  c 

c.  C  D  C  C 

G  C  C  G  O 

m 

0^00 

1  4  ft  •  • 

ft  *  ft  ft  ft 

ft  ft  ft  ft  ft 

ft  ft  ft  ft  ft 

W  in  IT  CM 

U.'  Lil  UJ  UJ  a* 

UJ  UJ  UJ  HI  LL1 

U>  UJ  UU  UJ  U) 

UJ  Ui  UJ  U>  UI 

♦  OOB 

♦  OJONA 

B  (fti>  tMH 

O  ON  rfO 

o  ®  ft  on 

m 

HOl'h 

'‘WOttC 

**f  cw<cw 

^  CL  O  WtO  O 

~  in  o  o  to  4 

M 

*  *  * 

•"•CM  0^010 

-d  o  in 

—  4  n  cm  o  ro 

-•rtlNft  0  4 

K* 

■ 

w  «  o  CM  O  4 

—  to  CM  m:  to  IT 

w  cv  w  o  ir  cm 

W  1-t  CM  4  K.  tt 

•-• 

3 

z  o  o  n  o  t> 

z  w  4  no  m  cv 

Z  O  OBNt 

tr  o  w  n  o 

40 

3 

*4  CM  O  tO  O  tO 

4  «  ♦  toto  o 

4  O  CM  tO  W  «4 

•4  W  C®  CM  cc  «D 

>♦  o  CO  *  ro 

>ON  NO  O 

>Hin  ♦  x)  o 

>HNOft  ft 

Q- 

•  •  •  •  • 

•  •  •  •  • 

•  •  m  m  m 

Lil 

HfltrllO 

(M  ro  ro  W  4 

rtinoo  h 

KNft  ft  O 

to 

ft- 

O'  cm 

•  ■ 

■  ■ 

H 

c/> 

tr  <o  <o 

IT 

n.  h*  cm 

• 

N  >  O 

(V 

O  00  cc 

— •  w  cm  to  4  m 

— •  N  CM  to  *  m 

m  w  cv  to  4  m 

— »  W  CMfO  4  m 

ro 

O  •  •  • 

to 

K 

o 

ro 

o 

o 

w 

<o 

o 

■ 

• 

3 

• 

H 

3 

CM 

if  OO 

3 

• 

•o  o  t 

■  th  »*«.  cm 

3  » 

m  m  m 

o  x 

4  O  CM  X 

to 

to 

to 

to 

J< 

VDOO 

u.  z 

<  H  HH 

<o  <o  <o 

X 

z 

X 

X 

H 

3 

UJ 

UJ 

UJ 

UJ 

r« 

4 

m 

A 

JO- 

no 

r*. 

2 

X 

X 

X 

X 

o 

o  ♦ 

3 

3 

3 

3 

CM 

-•in 

rv  to  m 

2 

Z 

2 

2 

o 

J)  H 

O  AlAN 

w 

z  r*. 

O  O  CC-  CD 

2 

2 

2 

2 

• 

uu  - 

O  ■  •  - 

O 

O 

O 

O 

rf 

X  ♦ 

O  K  WO 

m» 

■  mi 

» 

-■  • 

«N  K  N 

t— 

ft- 

t— 

t- 

or 

D 

CM  tO  CM  W 

!  «< 

•4 

■4 

4 

4 

I  rlrIH 

z 

z 

Z 

Z 

a 

ID  ■ 

UJ 

UI 

UJ 

UI 

Z  O  1 

» 

It-. 

t- 

K* 

t- 

Sf 

ON 

N 

i~  i 

**  1  1 

»•» 

i 

i 

>  r-jvrwKxpryn&t.vrnzry  >  ’v.'iJjr;:  ‘^vr-vrrT-  ■••  '-•/■nrrntn.‘-4~.H»F- 


Table 

B  -  II— Continued 

.5 

4  ’9539044P-P j 

"1  i 

,301 7406E-00 

4 

2,895774jF»r,  2 

*6, 

•>3970E«OB 

5 

.5 , 8361bBlF*m 

6. 

1^,501256.06 

I  TEH  A  T  J  ON 

NUHbER 

A 

1 

VAR!  P 

FID 

1 

•  4  , 61303826-01 

2  i 

,1752«95E.0? 

2 

1 ,  343784ie*00 

•1  i 

i  495330-56.07 

3 

4.8115601F-O1 

•1, 

,354368BEr07 

4 

■  3,  731l4?9F»C2 

■2, 

,31964906.07 

i? 

.4,40fa!l4^E»01 

•<  | 

,  752C583  E.07 

<  BAf!*!, 1924398 

ITERATION 

NUMbEK 

0 

i 

VAR!  I  ) 

F<  1  ) 

i 

.4 , 61303B2F-01 

*9, 

,81547696.06 

2 

1, 34  37  84 1E*0u 

,40162176.09 

3 

4 , 8ll5b0lF*0l 
-3,  73U429F.02 

3, 

,63949336.07 

4 

8, 

,  97021  676-0  7 

5 

•4.4081143F.01 

2, 

,390 6601 E»06 

JUG*  3346 i 

,204  WUP (1)3  9, 

73879 

53 ,6998810a ,76500148, 

,35728106,67162  27,85112 

tV’CO  *  *  ' 

L 

R  MP 

- 

P 

•1,25000 

0,00000 

1 

) ,  00009 

1992,76431 

•1,25000 

,  04603 

,00137 

1992,84691 

•1,25000 

,  09208 

,00549 

1993,09643 

1993,51797 

•1,25000 

,13010 

,01235 

•1,25000 

,18413, 

,02194 

1994,11993 

•1 ,25ono 

,23-116 

,03426 

1994,91387 

•1,25000 

,27619 

,04928 

1995,91429 

•1,25000 

, 32223 

,06699 

1997,13837 

•1,25000 

,  3  6  ft  2  A 

,08736 

1998,60564 

•1,25000 

,41429 

,11037 

2000,33755 

•1,25000 

,4603? 

,13599 

2002,35708 

•1,28000 

, 50636 

,16417 

2004,66812 

•1,25000 

,55239 

,19487 

2007,35491 

•l,25uO0 

,59442 

,  22883 

2010,36133 

•1,25000 

,64445 

,26358 

2013,79013 

•1,25000 

,  6904R 

,30147 

2017,60202 

•1,25000 

,73652 

,34159 

2021,83473 

•1,25000 

,78255 

,383b5 

2026,50188 

•1,25000 

,82055 

,42815 

2031,61175 

•1,25000 

,87461 

,47436 

2037,16591 

•1 , 25000 

,92065 

,52234 

2043,15769 

•1,25000 

, 96668 

,57192 

2n49, 57048 

•1,25000 

1,01271 

,02293 

2056,37562 

•1,25000 

•1,25000 

1,05874 

,67516 

2063,53136 

1,10478 

,72840 

2070,97852 

•1,25000 

1,15001 

,78240 

2078,64002 

•1,25000 

1,19664 

,63687 

2066,41717 

•1.25000 

1,24267 

,89152 

2094,18695 

321 


Table  B- II— Continued 


•1,25000 

1,20890 

,94602 

2101,79895 

■  x  i 2  5  0  n  u 

1,33494 

1,'  '000 

2109,07218 

MSS  FtOW  * 

3,55447696*03 

NO,  POINTS  « 

30 

V6L 

T 

1918,29121 

6128,76403 

1917,96691 

6128,77503 

1V16,9«702 

0128,99907 

1916,63069 

6129,10804 

1912,96640 

6129,40749 

1909,03776 

6129 , 80125 

1906,09629 

6130,29724 

1901,05012 

6130,90303 

1096,24940 

6161,63052 

1080,67457 

6132,40771 

1080,63268 

6133,40646 

1071,01586 

6134,63423 

1060,61110 

6135,95450 

1040,10221 

6137,44651 

1034,27212 

0139,12477 

1010,70656 

6140,99867 

1001,29216 

6143,07597 

1781,93010 

6145,36226 

1760,66096 

6147,86006 

1737,02420 

6150,56970 

1711,66497 

0153,40557 

1686,54102 

6156,59809 

1656,98369 

6159,89203 

1021,08012 

6163,34496 

1687,68906 

6166,93121 

1552,16054 

6170,60736 

1515,66013 

0174,32739 

1477,79073 

6178,00231 

1440,16790 

6101,65003 

1403,68020 

0185,09905 

2 

R 

MPC 

P 

•1,16151 

0,00000 

0,00000 

1968,19768 

•1,16151 

,04405 

,00103 

1968,27290 

•1,16151 

,00870 

,00532 

1968,49977 

•1,16151 

,10306 

,01196 

1969,88190 

•1,16151 

,17741 

,02125 

1969,42523 

•1,16151 

,22176 

,03310 

1970,13792 

..  •1,16151 

,20611  ... 

_  _  .*04773  . 

.1971,03020 

•1,16151 

,31046 

,06490 

1972,11416 

•1,16151 

,35401 

,08466 

1973,40350 

•1,16151 

,39917 

,10090 

1974,91323 

•1,16151 

,44352 

,13186 

1976,65932 

•1,16151 

,40707 

,15924 

1978,65831 

•1.16151 

*53222  . 

_ *13910 

.  1900,92003 

322 


Table  B-II— Continued 


J 


■1.16151 

,57657 

,22140 

1983,48108 

•1.16151 

,  62nV3 

,'"607 

1986,33626 

•1.16151 

,66628 

,*  308 

1989,50589 

•1,16151 

,70663 

,33235 

1993,00110 

■1.16151 

,75395 

,37381 

1996,8296? 

•1.16151 

,79833 

,417.38 

.2000,99583 

•1,16151 

,84269 

,46297 

2005 ,49764 

■1, 16151 

,6871)4 

,51048 

2010,32831 

•1,16151 

,93139 

,  65978 

2019,47229 

•1,16151 

1 97  5  7  A 

,61075 

2020,90604 

•1,16151 

1,02009 

,66324 

2026,59563 

•1,16151 

1,06466 

,7170? 

2032,49532 

■1,16151 

1,10860 

,77213 

2038,54565 

•1,16151 

1,16315 

,82817 

2044,67263 

•1,16151 

1,19760 

,88498 

2050,73376 

•1,16151 

1,24165 

,94235 

2056,76606 

•1 , 16151 

1, 26820 

1,00000 

2862,49262 

TOTAL  mass  f LOW  * 

3, 93938806*03 

NO,  POINTS  « 

30 

Z  R  MFC 


•1,07302 

0,00000 

0,00000 

1939,71774 

■1,07302 

,  04?a3 

,00129 

1939,78092 

•1,07302 

,08565 

. ,00517 

1939,97127 

■1,07302 

,12846 

,01163 

1940,29126 

■1,07302 

,17131 

,02067 

1940,74492 

•1,07302 

,21414 

,03227 

1941,33776 

■1,07302 

,25696 

,04644 

1942,07675 

•1,07302 

,29979 

, 06315 

1942,96995 

•1,07302 

,34262 

,08240 

1944,02655 

•1,07302 

,38644 

,10416 

1945,25651 

•1,07302 

,42827 

,12842 

1946,67034 

•1,07302 

,47110 

,15516 

1948,27875 

•1,07302 

,51393 

,18433 

1950,09236 

■1,07302 

,55675 

,21592 

1952,12127 

•1,07302 

,59998 

,24989 

1954,37463 

■1.U7302 

,64?41 

,28620 

1956,86012 

■1,07302 

,68523 

,32479 

1959,58345 

■1.U7302 

,72806 

,36562 

1962,54775 

■1.U7302 

,77069 

,40862 

1965,75286 

■1,07302 

,6137? 

,45374 

1969,19465 

•1.07302 

,65654 

,50059 

1972,86423 

■1,07302 

,89937 

,54999 

1976,74703 

•1,07302 

,94220 

,60096 

1980,82192 

■1,07302 

,96502 

,65369 

1985,06015 

■  1 , 07302 

1,02785 

,70607 

1989,42426 

■1,07302 

1,07068 

,76397 

1993 , 86693 

■1,07302 

1,11351 

,82127 

1998,32971 

•1,07302 

1,15633 

, 87982 

2002,74175 

■1,07302 

1,19916 

,93949 

7007,01840 

■1,07302 

1,24199 

1,00000 

2011,05985 

StVIRL  PAGES  OMITTED 


323 


Table  B- II— Continued 


I 

■ 


| 

I 


i 


i 


rl 

H 

rt 

H 

rl 

O 

□ 

o 

<3 

O 

O 

O 

CD 

• 

■ 

• 

• 

• 

• 

• 

• 

UJ 

til 

LU 

ill 

Ul 

ill 

UJ 

LU 

V 

r-1 

o 

CM 

Pf 

CM 

X 

O 

CM 

PT 

o 

O 

© 

O 

> 

in 

O 

© 

o 

o 

4t 

A 

r^ 

ro 

N 

ro 

•H 

© 

CM 

H 

p» 

o 

tM 

rv 

in 

X 

in 

O 

CM 

© 

ro 

o 

o 

O 

H 

♦ 

p» 

H 

o 

H 

K> 

© 

CO 

o 

O 

H 

• 

a 

a 

a 

a 

— 

a 

a 

A 

a 

in 

a 

in 

© 

© 

<c 

o 

3 

H 

rH 

H 

H 

rl 

c 

D 

O 

C. 

O 

& 

C 

C 

♦ 

♦ 

■ 

• 

• 

» 

• 

B 

LU 

Ui 

Ul 

LU 

UJ 

U.1 

UJ 

a* 

O 

tv 

rv 

CM 

CM 

O 

o 

rv 

rl 

CM 

CO 

CD 

O 

O 

to 

o 

ro 

n* 

A 

CM 

X 

3 

© 

© 

N 

CO 

CM 

Cl 

ro 

PT 

o 

X 

m- 

© 

CM 

H 

CM 

in 

xO 

ro 

m 

rl 

p» 

rl 

CM 

r-p 

ro 

O 

CD 

K) 

CD 

CO 

xO 

a 

a 

a 

a 

a 

a 

a 

a 

rl 

H 

O 

o 

o 

CO 

CO 

CM 

CM  CM 

CM  CM  CM 

CM  CM  CM  CM 

CM  CM  CM  CM  CM 

CM  CM  CM  CM  CM  CM 

CM  CM  CM  CM  CM  CM 

ro 

lO  43 

ro  o  c 

ro  o  c  o 

CM  C  O  CD  O 

CM  O  O  O  OG 

A  c  c  o  a  o  o 

A  C  C  O  C  C  C 

CD 

O  ♦ 

O  4  « 

◦  ill 

o  ♦  ♦  ♦  ♦ 

o  «  «  «  «  + 

o  ♦  -r  ♦  •  ♦  ♦ 

0  4  4  4  4  4  4 

♦ 

♦  UJ 

♦  Ul  UJ 

♦  LL’  Ul  Ul 

♦  UJ  111  LL  Ui 

♦  LL’  LU  LU  U'  UJ 

♦  LU  LU  UJ  LU  UJ  UJ 

♦  UJ  LU  UJ  UJ  UJ  U* 

LU 

LU  xf 

LU  rH3 

LU  ©  A  rv 

Ul  CM  CM  p>  O 

LU  CO  -O  O  ©  CM 

UJ  A  ©  CM  rH  cr  3 

LUNN  pH  M-  ©  pH 

in 

O  CM 

X  X  K* 

Hi  h  D  O 

N  «  ©  IT.  O 

x  in  r^  ©  o  ro 

N  ffi  ©  A  CD  r  o 

t  lOin  OABA 

Q. 

CO 

in  h 

O  rl  r* 

OTt  t 

HJ^ONfO 

CO  CO  r-l  A  rH  IO 

rH  X  o*  ttno'-  x 

X  CM  ©  04  HO  CM 

• 

CM 

o  © 

X  M  L> 

v>  ro  a  o 

(MAO  JNO 

OM>©Crl 

fp  A  CM  ffi  ro  X  N 

A  ;n  ro  3  cn  x  o 

>■ 

»o 

CO  04 

cm  ©  r* 

N  NO  f 

worooo 

CM  ^  A  ©  ro  o 

»t H©Bt© 

ro  «0  A  PT  X  ©  o 

> 

Ox 

*0  CM 

pr  ©  n 

X  □  rH  * 

X  N  O  CM  CM 

»  t  N  r»Ht 

A  (M  ©  Q  3  ro  N 

CM  rsj  X  A  ©  3  © 

ro 

xO  - 

CO  •  • 

3  -  •  - 

O  •  —  a  a 

N  •  •  a  a  a 

rH  •  •  ••  •  •  a 

CD  —  —  —  —  —  — 

CM 

r-  O 

C  X  © 

C  CG  xC  M 

©  tv  a  m-  ro 

cm  rv  ir  ♦  ro  A1 

C  NIT  t  K  CM  tl 

n  <  h  n  n  n  ri 

• 

a 

a 

a 

a 

a 

a 

a 

rl 

rl 

n 

r-l 

CD 

0> 

0> 

N 

K> 

ro  k 

ro  ro  ki 

K>  K  K;  Ki 

ro  k:  k.  po  k 

Ki  ro  k  k.  k  ro 

to  K.  ro  K  K  K 

3 

3  3 

3  3  0 

3  3  0  3 

3  3  3  3  3 

O  3  3  3  CD  CD 

3  3  3  3  0  3 

♦ 

♦  4 

4  4  4 

4  4  4  4 

1  4  4  4  4 

4  4  4  4  4  4 

4  4  4  4  4  4 

•o 

■o  U 

■O  Ul  UJ 

ro  ui  ui  UJ 

to  UJ  UJ  Ul  LU 

rO  UJ  LU  UJ  UJ  LU 

fO  LU  UJ  UJI  UJ  UJ  LU 

ro  Ul  UJ  UJ  UJI  LU  LU 

Cl 

c  M 

c  r  o 

<1  ©  ro  K. 

O  C  X  r-i  V 

c  n  rl  O  r»  r-l 

c;  ©  cv  x  o  Ci  c 

CMN  0*00  X 

♦ 

♦  rH 

♦  O  CO 

♦  0-00 

♦  H©OH 

♦  rl  rl  t  (M  CM 

♦  A  ©  X  A  o  r4 

♦  X  pH  pH  X  pH  © 

a 

LL. 

iu  ro 

Ul  CM  K* 

U>  rH  ©  O 

LU  CM  (M  CL  C) 

UIGrlHWlT 

u  CM  ro  •-•  IV  K>  © 

LU  A  A  A  C>  O  rH 

• 

CD 

xO  CM 

do  m 

r*.  rH<x>  m 

CD  ©  r-|  PT  fO 

CM  IO  A  lA  A 

l>rl*>N»NB 

O  ©  3  pf  rH  ©  3 

z> 

CM 

CM  m 

sot 

*-•  r-l  * 

rot  c  k,  ▼ 

o  ro  ®  cm  ro  o* 

©  CM  N  r-4  CM  X  © 

rOBON  o  tt 

CM 

n  n 

imjmm 

pH  pT  CM  O 

H  t  ,\J  >  N 

rv  PT  HD  NA 

Atrl>NlAt 

O  *0  pH  X  ©  A  t 

a 

CM  - 

CM  —  - 

CZJ  a  a  a 

r^  a  a  a  a 

©  a  a  a  a  a 

to  ------ 

o  ------ 

=> 

CD 

©  n 

pH  A  A 

O  A  A  M- 

♦  A  A  PT  M- 

r^  A  A  PT  ♦  ♦ 

DJW\tt  tt 

ro 

x 

P7 

C 

4T 

PT 

X 

X 

rv 

fv 

© 

© 

© 

A 

a 

a 

a 

a 

a 

a 

a 

a 

in 

m  ro 

A  'O  ro 

n  ro  ro  cm 

A  ro  ro  cm  cm 

A  ro  ro  CM  CM  CM 

A  ro  ro  CM  CM  CM  ro 

A  row  CM  CM  CM  ro 

d 

c*  c- 

O  O  CD 

o  o  o  o 

O  C  O  O  CD 

o  o  cr  o  c  c 

3  C  D  C  CC 

• 

•  B 

B  B  B 

B  B  B  B 

B  B  B  B  B 

B  B  B  B  B  B 

B  »  B  B  B  B 

-) 

u< 

UJ  Ul 

U>  UJ  Ul 

u  UJ  ui  UJ 

Ul  LL  U.I  ll  li 

LUlMi'lULU' 

Uf  U'  U  Ul  UJ  U/ 

CL 

M- 

r>-  © 

ro  o  ro 

r-v  A  ©  CM 

rH  CM  3  A  r4 

©  r-4  O  rH  r-4  A 

N-  O  IO  O  CM  tv 

• 

rl 

rl  O 

rl  rO  4 

nroo  o 

r-l  ^  r-l  ©  IO 

Ht  Th  AA 

rH  A  rH  fO  K?  ©  © 

r-r  X  A  H  rH  ©  PT 

O 

CD 

3  PT 

3  m  o 

DO  D  » 

3  ©  O  ©  A 

CD  CM  ©  O  PT  rH 

aOOncODD 

3  N  J\  A  N  X  > 

I 

■ 

■  o 

1  c  lO 

B  r  N  o 

B  rl  IO  f*  O 

■  A  o  ro  ©  ro 

1  N  N  <c  t  in  t 

B  rH  CO  DO  t  N 

X 

LI 

uj  a 

Ul  x  © 

Ul  O  A  N 

dl  CD  O  B  N 

LUODOBH 

LU  3  rH  O  >  CM  A 

UJ  rH  O  O  X  ro  CD 

N 

ro  c- 

O  CD  O 

o  c  c  © 

M  rl  C  ©  A 

A  r-l  rH  ©  A  Cl* 

A  rH  rH  ©  A  CD  © 

CD  rH  rH  ©  A  ON 

M- 

>©  - 

CM  -  - 

lA  •  ■  • 

CZ>  a  a  a  a 

©  -  -  -  •  • 

(t>  ------ 

N  ------ 

c 

X 

O  rl 

m  rH© 

Ol  rlN  H 

X  rl  r^  r-l  CM 

X  HN  rH  CM  CM 

CM  rH  r*  rHCM  CM  A 

A  rHfv  «H  CM  CM  A 

T 

xO 

rv 

CM 

rv 

CD 

p* 

3 

tr 

d 

c 

CM 

a. 

a 

© 

N 

O 

xO 

rO 

3 

© 

CD 

*o 

A 

A 

o 

CD  N 

rl  h*  rv 

rlfs  N  fv 

A  N  N  S  n 

AN  sn  N  N 

(MNNN  NN  N 

PONNNNNN 

a 

-3 

—  3  0 

—  3  3  3 

-  3  3  3  3 

-  3  3  3  3  3 

^  CD  3  3  3  3  0 

—333303 

CM 

ro  ♦ 

fO  ♦  ♦ 

ro  4  ♦  4 

0  4  4  4  4 

K)  ♦  4  ♦  4  ♦ 

0  4  4  4  4  4  4 

ro  ♦  ♦  ♦  ♦  ♦  ♦ 

lU 

UJ  UJ 

UJ  Ui  Ul 

UJ  UJ  UJ  UJ 

UJ  UJ  UJ  Ul  UJ 

UJ  Ui  UJ  UJ  UJ  UJ 

UJ  UJ  UJ  LU  LU  UJ 

ro  -h 

^  c  3 

A®  At 

X  O  CM  PT  ro 

no  t  niMO 

MB  O  t  H  O. 

“l 

r-l 

r-B  O 

CM  CM  CD 

K  CM  O  CM 

X  *0  ©  ©  pr 

3H  HO  t  > 

N  t  H  ©.©  tv 

CL 

O 

©  Pf 

r-l  n  CM 

lODBN 

t  At  BB 

(M  t  B  t  O*  rl 

O  A  O  O  O  © 

• 

© 

©  H 

0  0  3 

OPT  HO 

O  N  A  A  A 

OOIOOBB 

©  PT  »\4  HO  o 

O  A  ©  O  A  A  PT 

X 

CD 

C  O 

O  O  N 

CD  CM  ®  M- 

o  ro  X  M-  a> 

OIOO  t  B  rl 

otonont 

O  ©  rH  ©  CD  ro  A 

♦ 

♦  O 

•  l>  o 

10  0  3 

♦  O  >  .3  3 

4  >>  DOH 

^  O  '3  O  «H  rfl 

4  OXSHrIH 

LU 

LU  - 

UJ  -  - 

U.'  -  -  • 

ID  a  a  •  • 

LU  -  -  -  -  - 

u  ------ 

HI  ------ 

*o. 

CO  M- 

t  t  t 

N  t  PT  A 

O  ♦  t  Xl  A 

A  t  t  A  A  A 

CM  t  t  A  'A  A  A 

©  pT  A  A  A  A  A 

o 

X© 

O 

rl 

A 

CO 

Ox 

CM 

3 

© 

M- 

M- 

© 

X 

CM 

N 

ro 

o 

ro 

cr 

CM 

* 

c 

a. 

CM 

♦  r-l 

CO  r-B  CM 

lA  rl  CM  ro 

ro  H  cm  ro  f 

IftHCMlOf  in 

CD  pH  CM  fO  A  © 

•H  HCM  IO  pT  A  © 

(O 

© 

CM 

3 

ro 

A 

x> 

»  ■ 

3  ■  a 

rH  ■  •  a  •' 

a 

•  n 

■T)“>0 

•OTJOT 

•  ">-)TTTT 

CM 

CM 

*o 

K> 

"O 

ro 

»o 

i  i 


324 


-K/WlVlj! '  ‘  "  TVa 


3,428078«E*06  3 , <2 J7071E-0 3  5 , 8«&6o2&E*03  f  , 79275ioE*02  7 , 0306733F»<U  6 , 7!>4&74  4E.01 

J»  1  4,V79345fc*(!7  1,1112705-03  l> ,  J32591E*03  ,5,t>3O029E*ft2 

JP  2  5 , 029109fc*y7  7,(162941^-03  8,d97590E*UP  4,3ue420F*02 


Table  3 -II— Continued 

‘,U8U«6«E*l)7  1 , 67?b805-02  4 ,  S437&0E*07  3,150l67E*02 
■ 116593E*U7  2,555882P-n2  4,662252E*07  ?,40144QF*02 
,l44Vt)B6*p7  2,0048765-02  4 , 5  2022  0  6  ♦  0  1 ,  ai>961lE*02 
,l64094fc*o7  5,6204235-03  4,4i5105E*07  1,451019^*02 


if, 


[ 


t3 

0) 

3 

a 

•  H 
4-) 

c 

o 

3 

►— I 

I 

CQ 

<u 

flj 

H 


H 

H 

H 

O 

O 

O 

O 

B 

■ 

■ 

• 

1 

ill 

ill 

Lli 

O 

N 

O 

ri 

fO 

(A 

o 

rH 

CO 

*• 

O 

H 

1 A 

o 

N 

O 

N 

o 

CO 

A 

« 

o 

CO 

(N 

CN 

o 

• 

• 

<■ 

• 

N* 

Oi 

r4 

H 

CM 

O 

D 

O 

• 

■ 

• 

UJ 

U) 

UJ 

o 

N 

fO 

CM 

M 

(O 

<o 

rv 

N 

(V 

H 

<D 

o. 

<o 

O 

o 

o 

K 

H 

o 

• 

m 

a 

• 

CM 

H 

O 

H 

CM  CM  W 

H  H  H 

(M  H  H  H  H  H 

H  H  HI  H  H  H 

O 

(MC  o  a 

O  C  O 

CM  oo  oo  o  o 

HO  O  O  O  OO 

4 

co  4  4  4i 

4  4  4 

0  4  4  4  4  4  4 

0  4  4  4  4  4  4 

UJ 

4  UJ  UJ  LlJ 

Ui  Ul  111 

4  UJ  LU  UJ  UJ  LU  UJ 

4  111  UJ  UJ  UJ  UJ  LU 

A 

IU<0(M(»HO  A 

ill  CM  CM  HlA  H  ♦ 

Ul  ro  HB400 

A 

tHiKrocOK’l  A 

N  CO  ®  CC  N  N  ifl 

OGCIACB  CM  A 

♦T 

CM  A  OWN  ON 

N  rf  (X>  A  N  HO 

CM  'A  A  A  HJ\B 

A 

A  CO  M  DON  O 

HcOiCMN  O  r-  OJ 

A  ®  4  4  n  CD  N 

CO 

o  ho  K  o  c*  n* 

«  04  K)  HO  A 

H  CM  4  HIT  O  CM 

« 

♦  AH  NN  >0  tM 

oooDTTtO 

N.  DOONN4 

m 

CM  -  -  H 

•  —  — 

H  •  •  •  •  •  ■ 

ro  ------ 

tt 

®  HHd 

BT4 

CM  H  N  A  M  IO  CV 

C  IT  (ON  CV  Hh 

C  C  O  O  c  o 

• 

• 

— 

1  1 

wi 

o 

Cl 

ro 

ro  rr  ro  ro  ro  rr* 

ro  ro  ro  k.  k,  re 

r'  ro  ro  ro  ro  ro 

ro  ro  K*  ro  ro  to 

o 

co  o  q 

OO  D 

OD  003  J 

o  a  03  a  3 

O  CO  O  O  CO  CO 

♦ 

4  «  7 

♦  44 

4  4  4  4  4  4 

4  4  4  4  4  4 

4  4  4  4  4  4 

hi 

(O'  LU  Lil  UJ  UJ  Lil  UJ 

ro  ul  Ui  Ui  UJ  Lil  LU 

ro  Ul  Ul  UJ  Ul  Lil  Lil 

ro  ui  ui  u  ui  u  ai 

o 

OCICUNOCO 

oniTiririrw 

O  IT  N  (0  K  M  H 

OB4  NCD4  N 

ro 

♦  CMIAODB  O 

4  NlT  (On  ♦  4 

4  ♦  OHrOtrtO 

4  B  HO  HJOH 

A 

Hi  •  **  » 

Lb  IT  H  CM  «  H  O 

LU  n  H  ♦  H  CM  H 

IB  C  CM  ♦  (O  W  ♦ 

ro 

o  m  r>  a»<x>  co  rs- 

ro  N.  cm  o  ro  ♦  ro 

BOON HHH 

HCMBBQOO 

rl 

4  CNW 

♦  HO 

NONW4  HC 

a>  O  M>  H  +  *4  o 

CDO  BH4  HO 

ro 

ro  cm  o.  Ki  a  ♦  ro 

♦  HONiA4  (O 

B  HON  A  40 

♦  HON  AM  (O 

• 

«©  —  —  — 

•  •  — 

N  —  —  —  —  —  — 

*• 

CVA4  ♦ 

♦  ♦♦ 

H  A  ♦  ♦  ♦  ♦  ♦ 

O 

a; 

or. 

ro 

ro 

ro 

JO 

— 

• 

— 

— 

ro 

A  -  *0  ro  CM  CM  CM  *0 

A  K>  *0  CM  CM  CM  (O 

A  »0  (O  CM  CM  CM  ro 

A  ro  ro  CM  CM  AI  ro 

o 

o  o  o 

COO 

Q  O  O  C  O  C 

O  C  C  O  OO 

o  o  o  o  o  o 

i 

B  •  • 

•  •  • 

B  B  B  B  •  • 

•  •  B  B  B  B 

B  B  »  B  B  B 

UJ 

Ui  UJ  LLi  UJ  Hi  llr 

nt  u.  u.'  u  a  tr 

UJ  UJ  LU  UJ  lu  UJ 

111  Lil  Ul  UJ  LU  LL* 

ro 

BBOttO 

BITOHON 

■O  ♦  ♦  O  ON 

CM  A  CO  O  HO 

c 

HK/r  a. 

o  *4  ro 

r!  W  C'  N  tf-  N  *H 

*H  M  CM  M  HNt 

♦  fO  O  CM> 

o 

OIMOOHO'O 

OIOHIA  CM  CM  ♦ 

a  O  ro  ♦  O  N  ♦ 

3N TWO  Tf 

Cj 

INNOiTC.il> 

IBB  HOOIT 

B  CM  CV  O  C(ON 

IIOHNITBCM 

o 

JJ  t  *0  NCM  fl  € 

Jl  ♦  K  B  ♦  B  CM 

U  A  OB  BO  B 

UJ  A  HO  O  A  © 

<T 

O  HHOIAO  t 

rOHHBITOir 

G  HNBlTOlT 

MHN  B  IT  AIT 

m 

in  •  -  ■ 

—  —  m 

A  ------ 

O  ------ 

A 

rO  H  N  rl(M  Htl> 

ro  HlN-  HCM  HA 

HHNHN  HI  A 

HN  rv  CM  H  IT 

H 

s> 

H 

o 

H 

C- 

A 

N 

r* 

CO 

rv 

ONNN 

N  N  N 

ONNNNNN 

B  N  N  N  N  N  N 

BNNNN NN 

co 

—  CO  C>  C3 

o  o  o 

•  •03  3  OfO  O 

-330303 

—  CO  3  3  0  3  0 

♦ 

ro  ♦  ♦  ♦ 

♦  ♦  ♦ 

(0  4  4  4  4  4  4 

ro  4  4  4  4  4  4 

UJ 

ill  UJ  Ul  LU  UJ  Ul 

111  Lil  UJ  U  Ul  JJ 

UJ  Ul  Ul  HI  UJ  dl 

Ul  UJ  Ul  Lil  Ul  Ul 

<x> 

A  CO  CMO  ow 

ro  o  A  CN  HO 

B  O  HOB  C 

M>  ro  <4.  M  A  H 

A 

H  ♦  r>TAH 

□  ♦  D  B  N  O 

o  Aroo  x  ♦ 

O  CM  B  O  CM  H 

!*» 

ON  HtM  B  N 

t  B  OB  ro  w 

B  NOMOD 

IO  H  CM  O  N  ro 

O 

ONKJION-HtM 

O  C3A  ♦  B  O  ♦ 

B  HO  JVO  ♦  A 

OiMN  B  04J\ 

c 

OWN  CM  A  <0  O 

o  ro*  K  CM  A  to  o 

O  ro  N  (MIT  (D  G 

OKJN  N  B  «  O 

CM 

«  OOHrfHIM 

4  OOHHHCM 

4  OOHHHCV 

4  O  CO  rlHHCV 

•  — 

U  -  -  ' 

—  —  — 

in  «•■••• 

UJ  -  —  •—-  — 

UJ  -----  - 

A 

0  A  A  A, 

AAA 

CO  Ai  A  A  A  A  A 

(O  A  A  A  AAA 

O  A  A  A  A  A  A 

ro 

(O 

M- 

O 

CM 

t4 

CM 

A 

A  . 

N 

M- 

O 

HHCVK) 

♦  no 

A  H|  CM  (O  ♦  AO 

ro  H  CMro  ♦  A  B 

B  H  CM  ro  ♦  IT  n 

H 

CM  i 

ro 

ro 

* 

rv  ■:  ft  ft 

■  ■-  ■ 

•T>“) 

on 

•  — -inoTO 

■->  ~>  “>  too 

i 

rO' 

- 1 

i 

•«o  ’ 

w  i. 

I 


i 


326 


rM 

fsi 

O 

2T 


NHBOJWOWaKNWOOVCO  O  «  ® 
iAOOiWOHNOCOOrjH'IWONONO 
«comc>nwN<rHKh(Moo*ir\oh 
rv  CO  HWNOOilOOt  »4®  «  t\INKt>  HO 
m  <r  w-*  v-t  o  *  m  ocooroMiiff^ccrrvj 


3 

O 


cDCDCDoo-otor^onrocMoOkinr^inrorM 

coccccccf^p^r'r^r^r^r-r^C'O'C'O'O'C^' 


TJ 

0 

d 

d 


a 

o 

s 

i 

CQ 


Q. 

» 

D 

: 

o 


rs 

ro 

o 


OlA  ON®  HIA  t  ^rrvioinooooocoo 
oorsfooA'OxrsooorswHACMrov  o 

0'»0^®OJinNDN'IOOOh^O®0 
c-  c  ncvnk.ic  ir^<.cc\jir.orvK  c. 

OOOOOHH(Mn1<X.nNNN®100'  o 


m 

r- 

z 


c 

a 


CM 

M 


M 

3L 


U 

a. 

y. 


Cr 

Z 


H 


Q. 

O  ^4 

cm  ro 

•O  < 

m 

CC 

O' 

o 

IO 

ca  o  is  ro 

CL 

o  fO 

-o  o 

cm  in 

X 

H  T 

rs. 

CD 

* 

o 

A 

CM 

*h  rvtrs  o 

c  c 

c_  c. 

n 

CM  C\ 

CM 

K. 

m 

*9 

r-i 

CM 

^  *9  »C  V 

O  N 

«  HO  A 

CM 

O  X 

K5 

o 

rs 

■o 

X3 

O 

fONHA 

o  c 

H  fM 

IV  w 

r\ 

C 

rs 

► 

c 

C 

o 

o  o  cc 

♦ 

ai 

cc 

in 

o 


ft- 

o 

ft- 

CJ 

rs 

o 

CM 

rs 

o 

O 

CL 

• 

CL 

m 

— 

</>  * 

m> 

tn  * 

o 

rv 

—  CL 

H 

—  a 

H 

cr 

CO 

a 

CM 

K) 

o 

CM 

O 

o 

n 

o 

r>. 

u. 

o 

u. 

c. 

vO 

L> 

• 

o 

- 

• 

H 

o 

H 

CD  O 

O 

O  o 

Q 

O 

o  a 

o 

o  a 

O 

o 

M  n 

o 

V. 

o 

o 

^  V 

o 

^  M 

o 

c. 

n  r 

o 

o  *. 

o 

(/)  a 

• 

m  a 

m 

• 

o 

o 

Q 

CD 

CD 

3 

o- 

o 

V 

O 

ID 

CNI 

cd 

ftO 

K3 

C3 

CD 

o 

m 

K5 

M 

\ 

M 

rt 

ID 

to 

o 

KJ 

fO 

a 

• 

Q 

- 

■ 

o 

O 

o  O 

«• 

O  CJ 

■a 

O 

O  V. 

A 

C3  V 

K3 

CM 

a  * 

o 

CL 

O 

v  a 

rv 

s  a 

a: 

m 

cd  Q 

CM 

id  a 

CM 

CM 

rv 

• 

a 

“ 

■ 

o 

O 

o 

V) 

K) 

ID 

«c 

iD 

N 

ft¬ 

CM 

ft- 

<o 

(O 

's 

\ 

rH 

O 

CD 

to 

(3 

ao 

rs. 

*-  r 

t-  X 

• 

CL 

CL 

ft— 

ft- 

3 

o 

13 

CM 

ft 

CD 

ft 

CJ 

ML 

cd 

< 

K> 

r- 

ft- 

• 

ft- 

• 

m 

.U 

rvi 

-U 

H 

to 

a 

T 

H 

▼H 

►— 

ft- 

a> 

r 

H 

to 

ft 

• 

• 

• 

m 

< 

cd 

< 

(M 

CD 

CD  ft- 

>o 

CD  ft- 

c 

CM 

:>  >11 

o 

>  M 

o 

H 

X 

in 

I 

m 

<j 

ft— 

ft- 

H 

■=> 

CD 

• 

m 

• 

ID 

o 

C3 

CM 

CM 

ft- 

rs 

ft- 

O 

O 

o 

H 

o 

m 

in 

o 

n 

•a 

X  V 

NO 

I  * 

IT. 

a 

u  a 

*o 

u>  a 

H 

o 

<  > 

rs 

<  > 

• 

T. 

- 

- 

m  im 
rs  ro  m 
o(Mn 
HHkA 

ffi  O  H 


MAW 
(O  H® 
M)  *3  tfN 


D  C\i  O 
«  ®  O 
CO  CM  CD 
r>T  o 

O  G  CD 


in 

ft- 

2 


C 

a 


o 

a. 

x 


o 

z 


rs  »r.  »o 

N  B  ’f 
<.  N  O 
H-Ofs 
COO 


« 

UJ 

O) 

in 

o 


k; 

.M 


ai 

z 

o  m 

CM  O 

NO  O  N  O 

CM  o 

o  n  cm  cm  rs 

OD 

« 

a 

H 

II 

X 

o 

O  IN 

c  r» 

O  or,  w-i  O  CM- 

H  M 

K)  <C  AJO  IT  CL  IT 

rs 

A  *-< 

CM 

*-* 

o  o 

n  rj 

o  o  in  co  o 

o  n 

^  H^J  ^  HOO 

o 

X 

X 

-ir 

H 

o  o 

O 

3 

ft- 

ft- 

o  o 

o  .X 

x  o  in  ro  cm 

O  fSs 

"*  »H  O  O  X  A  K 

H 

o 

rs 

ITi 

CM 

r O  A 

X 

a 

< 

rs. 

rs  r*.  n  s.n 

•a  n 

-o  -o  o  n  n  n  n 

A 

-f 

o 

*  o 

O 

A  A 

A 

_i 

a 

_1 

m  — 

•  • 

•  — 

• 

u 

w 

ro 

X 

•  — 

— 

U_ 

L) 

3 

tsi 

fsj 

A 

fsl 

A 

A 

fM 

u 

m 

• 

• 

• 

a> 

O 

□ 


u 

cr 


fO 

<o 


rs 

o 


w 

M 


X 

u 


X 

Jl 


327 


'■  I  w  I','?  WWPWfff 


WWf^^TlI^J^lipipiWTOppWfTTBiiipp 


B“ 

o 

in 

* 

t- 

O 

in 

m 

* 

*-• 

<0 

0 

©  <0 

©  <0 

© 

0 

0 

O  O 

0  0 

0 

0  1 

O  B 

O 

O  t  » 

tt  ft  ft 

0  » 

O 

O  UJ 

O  LU 

ro 

C  LU  LU 

O  LU  UI 

O  LU 

fx 

a. 

-  O 

•  O 

• 

O- 

-O  O 

-O  O 

-  a 

• 

V)  X 

O  O 

O  O 

O 

to  SC 

COO 

COO 

0  0 

0 

— » a. 

CD 

O 

H 

—  a. 

0  0 

0  0 

0 

CM 

a: 

O 

O 

CM 

a 

0  0 

0  0 

0 

CM 

CM 

CM 

CM  * 

CM  * 

CM 

O* 

O 

O  CC 

0  CC 

O 

O  - 

O  • 

30 

C3  -  - 

0  -  - 

3  - 

CM 

O  ▼ 

0  * 

n 

0*0 

0*0 

a  * 

h 

O 

O 

© 

O 

0 

0 

O 

u 

O 

O 

<0 

u. 

O 

0 

0 

© 

•j 

-  *0 

-•O 

• 

0 

-ro  fM 

-ro  cm 

•  ro 

— 

O  O 

O  O 

H 

000 

000 

0  0 

H 

1 

r 

1  1 

•  1 

ft 

Ui 

QJ 

LU  LU 

LU  LU 

U> 

13  o 

(O  O 

rx  30 

0 

CD  O 

ro  0  vi 

CM  O  © 

A  O 

O 

c.  a 

*  0 

rx  h 

0 

0  a 

hot 

CM  tO  m 

O  K 

O 

\  Q 

*0  01 

CM  O 

0 

X  CD 

Ah  O 

©  O  CM 

CM  O 

O 

^  V 

0  * 

c  cv. 

c. 

X  s 

CM  ©  * 

nN  O 

C  H 

C 

o  X 

=>  ro 

3  O 

0 

a  x 

3  in  © 

O  O  CM 

O  * 

O 

w  a 

■  H 

-A 

— 

to  a 

-CM  O 

-*  © 

-* 

— 

Q 

a 

m 

0 

CD 

•  — 

m  m 

— 

O 

O 

© 

O  ll> 

©  ro 

* 

O 

© 

* 

CM 

CD 

in 

H 

in 

H 

O 

MS 

in 

* 

C3 

H 

ro 

© 

fx 

CJ 

O  fO 

K>  fO 

* 

CD 

*  ro  CM 

*  ro  cm 

*  ro 

© 

V 

in  0 

CM  O 

© 

©  ©  rx  w  w* 

X 

«o  O  O 

ro  0  0 

0  0 

m 

CD 

TO  B 

ro  b 

CM 

O  CM  O  H  IA 

0 

ro  «  B 

ro  B  B 

CM  ft 

CM 

D 

-tu 

-LU 

• 

m  0  fx  0  * 

0 

-Ui  Ui 

-Ui  us 

-Ui 

— 

* 

© 

O  CM  *  ©  © 

0  0 

in  © 

0 

CD 

H 

*n 

(D  CD  (M  H  (C 

0 

rx  t 

CM  0 

© 

O  Q 

0  © 

vi  ro 

H 

0  a 

HrlO 

cm  ©  ro 

CM  © 

* 

a  x* 

*  BO 

d  H 

© 

fx  vtm  in  0 

0  X. 

©  fx  h* 

in  ©  © 

m  © 

© 

a.  sc 

CM  CO 

O  N 

CM 

i^woin  0 

a.  x 

a  m  cm 

O  Ah 

CM  *" 

© 

\  a 

O  * 

O  h> 

CM 

0  0  ire  it 

\.  a 

0  t  rv 

h-  *  * 

ro  0 

0 

o  a 

CM  - 

CM  - 

CM 

0  a 

CM  •  • 

CM  -  - 

CM  - 

H 

a. 

•  tO 

-  CM 

• 

in 

CL 

-ro  cm 

-BO  wi 

-CM 

- 

a 


TD 

<U 

3 

h  ro 

in  ro 

© 

O 

ro  ro  ro 

0  ro  ro 

H  ro 

H 

CD 

0  0 

0  c 

© 

M 

O 

toe  n 

vl  0  0 

©  0 

O 

9- 

0  « 

ro  ♦ 

CM 

B- 

ro  ♦  ♦ 

0  ♦  0 

ao  4- 

© 

3 

X 

CM  U 

0  ui 

CO 

CO 

X. 

CM  LU  LU 

C  UI  U 

©  Ui 

© 

c 

CD 

co  ro 

©  0 

rx 

O  *  ©  ®  O 

1- 

C3 

COHO 

©  0  in 

rx  u\ 

rx 

9-  ic 

-  ro 

—  fx 

• 

«D  DA  O 

r-  * 

-1©  D 

-S  CM 

-rx 

— , 

Ui 

a. 

in 

tn 

0  in  ©  ®  0 

a 

rx  ro 

ro  in 

rx 

c 

t- 

© 

* 

m>  roir  c 

c 

H 

*  CM 

ro  a 

ro 

0 

CD 

m  0 

0  0 

0 

©  ©  0  0  0 

CL 

ur 

©  © 

H  CM  O 

rx  h 

H 

ft 

0  v* 

m  c 

© 

• 

*0  CM  CM 

CM  v  CM 

0  a 

•O 

u 

•< 

©  - 

rx  - 

n 

H 

-1 

■c 

O  —  - 

©  -  - 

*  — 

* 

T 

B- 

« in 

-IT 

m 

O 

9- 

-in  in 

•  in  in 

•  in 

— 

a 

U 

0 

CM 

n 

ui 

0 

H 

* 

fx 

3 

v* 

d 

U 

T 

vi 

d 

V* 

1 

1- 

0 

vi 

a 

B— 

O  O 

v*  O 

« 

0 

O 

X 

O  O 

O  D 

O 

st 

h  ♦ 

3  4 

.0 

* 

©  ♦  ♦ 

in  ♦  ♦ 

fx  4 

in 

0) 

• 

-Oi 

—  U* 

m 

ft 

•  ui  a 

-ui  a 

-Ui 

m 

< 

CM  O 

rx  n 

O 

■< 

©  cm  ro 

0  fx  OB 

H  O 

O 

vH 

0  b- 

*  vi 

*  * 

O 

O  B- 

©  vi  ro 

fx  ©  * 

cm  ro 

fx 

X 

UI 

©  * 

0  n 

CM 

U 

rx  *o  cm 

0*3 

CM  O 

* 

rt 

I 

m  h 

©  c 

© 

>A  nHit 

ac 

m  *  0 

in  rx  * 

©  O 

© 

*— 

ro 

0 

iMt  0  a  h 

r— 

0  rx 

CM  3 

*■ 

H 

O 

v-i 

t  Mr  k  n 

t O 

ro  rx 

0  * 

CM 

0  - 

h  - 

© 

rx  0  *0  n  0 

O 

ro  -  - 

*  -  - 

©  - 

© 

-  tu 

— 

m 

00000 

♦ 

•  ®  © 

-vl  © 

-  H 

— 

CD 

in 

* 

H 

ui 

13 

in 

fx 

© 

fx 

ft- 

CM 

CM 

O 

ri  d  rl 

B— 

* 

CM 

© 

h  ro 

0  *o 

JO 

n 

HOO 

0  ro  ro 

O  ro 

rx 

in  0 

m  0 

* 

or 

0 

in  c  0 

ACC 

*  O 

* 

♦ 

♦ 

rx 

♦  ♦ 

«  4 

4 

UI 

Ui 

to 

LU  U‘ 

ui  a 

LU 

©  © 

0  rx 

CM 

n  ro  0 

CM  O  ro 

H  O 

* 

I  X 

*  0 

vi  in 

c. 

O 

2  X 

©  in  cm 

•0  O  * 

0  rx 

* 

t->  CL 

0  0 

rx  .0 

h 

— 

0  a 

rx  ro  ro 

*  ©  O 

*  CD 

* 

<  > 

©  h 

h  w 

© 

ro 

*  > 

©  c  in 

r^  ©  © 

©  in 

O' 

2: 

-rx 

-  CM 

m 

r: 

-*o  in 

-in  n 

-o- 

— 

vi  m 

vi  © 

vBin  CM 

h  rx  * 

d  O 

H 

• 

a 

in  *  *  t4  0 

IB' 

m  m 

at  m 

— 

m 

in 

x  in  cm  0  0 

in  in 

in  in 

m 

in 

* 

O 

O  CM  ©  *  © 

X 

rx 

© 

© 

ro 

•o 

CM 

O 

©  <0  h  ro  © 

O 

m 

N 

H 

* 

O  H 

©  H 

© 

n  n  ©  ©  © 

—ft 

HHH 

OHHI 

©  H 

CM 

©  O 

vi  C 

© 

U. 

©  0  0 

ro  0  0 

O  O 

in 

hi 

iA  ♦ 

©  ♦ 

© 

fM 

M 

in  ♦  ♦ 

©  4  ♦ 

©  4 

fx 

-UI 

-a 

a 

cn 

-lu  a 

•  UJ  Ui 

-LU 

• 

O' 

n 

to 

CM  O 

©  © 

CMI 

at 

0 

•0 

* 

at 

*  © 

■0  © 

0. 

a 

H 

* 

X. 

ui 

A  O 

ro  in 

Ok 

a 

Oi  * 

vi  CM 

© 

a 

CM  CM  fv 

0  vi  fx 

m  h 

ro 

cm  n 

©  © 

vB 

-ft 

H3rO 

©  3  © 

©  j> 

Ok 

*  H 

ro  lx 

H 

* 

vi  vi  m 

O'  fx  © 

ro  fx 

in 

rx  - 

ro  - 

O 

B- 

«o  -  - 

©  -  - 

in  - 

vi 

O'  CM 

0  v< 

C 

O 

a 

O  CM  © 

0  vi  rx 

O  vf 

vi 

m 

m 

a 

B- 

a 

• 

at 

• 

vi 

vi 

vi 

vi 

at 

H 

H 

at 

v4  CM 

H  O* 

v« 

* 

* 

A 

Ol 

* 

♦ 

* 

in 

H 

vi 

(M 

CM 

CM 

L> 

ro 

.ro 

•O 

w 

B- 

CD 

M 

O 

O* 

a 

• 

co  ^ 

—  a 

O 

a 

O 

O 

O 

a 

c: 

0 

a 

O 

CD  O 

* 

c  a 

vt 

^x  a 

U 

*  S 

fx 

3  t 

O 

t  />  a 

at 

Q 

0 

0 

0 

(D 

0 

© 

0*  fx  ©  *  0  O' 

"X 

© 

CM  ©  ©  CM  in  ©  ro 

to 

©  fx  *  CM  ro  0  to 

0, 

• 

fx  ao  fx  ©  rx  h  * 

in  ©  ©  rx  *-i  ©  * 

CD 

•  a  —  —  —  —  — 

O  Q 

O 

*  Ot  ©  ©  ro  CM  CM 

i-3  V 

to 

fx  *  0  rx  CM  O'  * 

a 

©©©mm** 

''x  a 

0 

CD  Q 

to- 

*X 

a 

at 

a 

0 

* 

■ 

C9 

K> 

B- 

in 

If} 

V 

CM! 

O  ©fx  O'  fx  ©  0 

9- 

O 

CO 

cm  A  ©  fx  m  ro  0 

z 

t-iit 

CM  ©  *  CM  10  ©  O 

.  — 

a 

; 

cv  cm  ©  0  to  m  0 

'c 

B~ 

co  ca  ©  ©  o-  0  0 

a 

O' 

CD 

ft 

vt 

I  a. 

* 

© 

'c 

t- 

•  z 

Ui 

O') 

U 

3 

a 

B~ 

a. 

1 

'SC 

aii 

, 

ft 

< 

UV 

13  ft- 

in, 

>  UI 

rJ 

cm  *  g  fx  m  ro  kj 

X 

ml 

Vt  vt©  ©  ©  rx  0 

t- 

* 

vi  *  0  ir  ro  ©  m 

to 

. 

ro  A®  HAhH 

0 

*’ 

0  Oi  0  0  0  ©  vi 

,  4 

— 

Ui 

C3 

00 

vi  vi  vi  vi 

© 

•- 

in 

in 

vt 

a 

0 

u\ 

rx 

ro 

CM 

0 

O 

X  sc 

to 

a 

cd  a 

© 

to 

•4  > 

© 

X 

— 

vt 

fx  ©  ©  rx  ©  *  ro 

■ 

m  CM  |x  vi  vi  CM  * 

vt  10  ©  vl  ©  rx  CM 

3 

CM 

©  oro  ©  0*  vim 

O 

O 

A  ©'©  ©  ©  fx  fx 

-I 

* 

U. 

O 

IS* 

1st 

in 

c/> 

— 

in 

* 

SC 

2= 

UI 

a 

vt 

-J 

CM 

* 

CM 

t- 

CD 

0 

a 

Ch 

it- 

" 

1 

St 

1 

a 

* 

**1 

v« 

i 

Ui 

♦ 

328 


•I-.-’  .i«'if.  -  V  V-"*')  '(414*^ 


1 1 


o  o  o 

O  O  CD 

o  o 

a  a  a 

o  a  a  a 

o  a  a 

UJ  UJ  UJ 

O  LU  LU  UJ 

CD  UJ  LU 

o  o  o 

•  CD  O  O 

-o  o 

o  o  o 

O  CD  C  CD 

o  o  o 

o  o  o 

O  O  CD 

CD  O 

O  O  CM 

O  O  CM 

CD  O 

CM  4  rO 

04  4  K) 

CM  4 

o  0 

O-  CO  <3 

O  CC 

• 

O  •  •  • 

CD  -  - 

4  O  »H 

O  4  O  rl 

O  4  Ok 

O 

O 

1 

o 

CD 

ro  CM  *4 

-  ro  CM  CM 

••ro  CM 

o  o  o 

O  O  O  O 

O  O  CD 

a  a  a 

a  a  a 

a  a 

UJ  UJ  UJ 

UJ  UJ  LU 

UJ  LU 

ONro 

ONNW 

Hroo 

rl  n  c 

»v  HN  4 

CM  wi  4 

33  *4  CM 

n  rv.  a.  cm 

CM  O  r-> 

in  M3 

in  mi  n  m 

H  C  O 

*4  O  CM 

o  in  cm  rv 

O  H  4 

ro  o  i 

-  ®  rv  r- 

--4  O 

—  —  — 

-<  —  «• 

m  m 

o  m  *4 

cd  m  rv 

CO  (V 

CM 

CM 

N 

N 

ro  CM  CM 

CD  ro  CM  CM 

GO  ro  ro 

CD  O  O 

iA  o  a  o 

HO  O 

a  a  a 

ro  a  i  a 

ro  a  a 

UJ  UJ  UJ 

-LU  UJ  UJ 

-UJ  UJ 

O  CM  M3 

H  M3  GO 

M3  Oi 

in  co  cm 

CO  O  CM 

4  CM 

oo  iv  in 

CO  fO,  tv  M3 

O  O  M3 

ro  cd  o 

in  4i  g  4 

4  0  4 

ro  ,4  in 

M>  WCM  «4 

in  M3  4 

M  CM  CM 

CO  4  (VI  O 

UV4  N 

•  •  * 

CM  1  -  - 

CM  -  - 

ro  cm  m 

-  Kh  CM  ro 

-ro  a: 

CD  ■ 
o  Hi 


cm 

m 


o  o 
o 


CM 

o 


CM 

N 


CM 

Ift 


o 


•  ro 
o  o 

a 

u J 

t-4  CM 

4  r> 


o  CM 
o  o 

-CD 


«o  ro 

fV  O 

cm  a 


M3 

ro 

CM 


tv 

d  m 
M  M3 
IA  D 
th  Mr 
CM  - 


QJ  ^ 

^  o  o  o 

3  4  4  ♦ 

c  LU  UJ  LU 
« H  HO>  m 
M>  M3  00 
M3  M3  M> 
AOh 

cm  o  n 
cm  c  ,#i 


CM  ro.ro  ro 

HCjoO 


C 

o 


4i  4  4 

•H  UJ  LU  LU 

co  inj  to  rv 


i 


V 


m  u 


C3|0 
>0  4 
mj  m>  ro  t-i 
<3  HW« 

M)  H  •  - 

■  irjir  it 

o  ; 


t-i  ro  roi 
ro  o  01 

^  *  *i 

O  1C  LU* 

m  M3  Ol 

ro 

fv  oi 

ro  rv  ini 

«  co  w-4 
M3  ^  4 
-m  ini 
CM 


o  ro 

CM  O 
CO  4 

rv  uj 
rv  o 


M3  in 
M  O 
M3  - 
-4 
iA 


■■  i 


0(001  M)  C  H  O  O  1  IA 
OHOIAMAMJ  (MON  M 
O  (MN  (O  M  M  (C  v«0  (V  « 
N3JHM)  04  4  ♦  U\  r)  M3 
(CM  COAJ  H<0  HUN  <C  M  IA 


CO 


MOMMK3MHKMNO 
®  M)  ’T  M  ON  N  riOKJO 

«  «  mi  c  mi  inr  ir  4  i  t 


CM 

a 

CM 

m 

rv 


ro 

at 

Oh 

<n 


O  M>  to  O  M  M3  CM  OO  ro  <3  o 
A>  CrtlOt  M)0  M)  A  O 
NCM^MAOW  MH(MO 
AMrOK'CDOWh  O 

nnnnooo  oo  a  o 


1 

H 

H 

▼4  ,  U 

rf\  o  oo 

OOO 

h  a i 

H 

|Q- 

W  CO  o 

qo  c 

o  o 

CD 

I  r 

-a  ♦  ♦ 

ro  4 

4  4 

"4  4  4, 

N  4 

03  ! 

<U  Uj  UJ  UJ 

-LU. 

UJ  UJ 

-UJ  LUl 

-UJ 

w 

rH  O  Cv  4 

HH4 

uvin 

N 

rQ  HN  4 

Mi  M3, 

rv  o 

M3  M3  O 

ro  th 

tH 

rt  > 

JO  HW> 

O  M3  JO 

O  4- 

M3 

r"  M)  m  ro 

in  cd  co  r- 

M3N  N 

M3  in 

Mi 

L1  -4  H  M3 

nnn 

CD  33 

in 

o  m  o 

(M  in  a- 

H  t-4 

to 

^  • 

CD  - 

•  — 

CM  -  H 

■o  - 

N 

®  «  4 

-O 

rv  in 

-HO 

-  H 

- 

rv 

33 

in 

CD 

O 

M3 

o 

ro  ro  *o 

t-4  ro  ro  ro 

o  ro  to¬ 

CO  ro 

N 

O  CD  CD 

r  qo  c 

rn  o  e.» 

^  o 

4  cr 

4  4  4 

4 

4  4 

4  4 

4 

LU  11'  U- 

U>  LL  lU 

UJ  UJ, 

a* 

03  M3  M3 

CD  LO 

ID  ^ 

•o  M3  M3l 

CM  M3 

T-i 

®N  N 

ro  N 

4  4 

a>  vc  »v 

<3  m 

ro 

ro  o  ro 

CD  CH  CM  4 

rv  M3  in. 

ffl  4- 

CD 

cm  in  ro 

rv  rv 

rv  co 

N  <  H 

OO  M3 

O 

cd  ro  in 

-  4 

M3  M3 

-in  m> 

-  o 

- 

m  cm  o 

t-4  M3 

ro  cd 

»4«/  in 

H  H 

CM 

WWW 

— 

w  w 

—  4 

w 

m  m  4 

in,  in  in 

m  in 

M> 

ro 

•n 

H 

CM 

o 

CM 

M) 

M* 

w4  t-4  (Ml 

CD  H 

wf  CM 

»  Hrl 

CD  r4 

> 

o  o  o 

ro  o 

CD  CD 

<0  0  0 

m  cd 

O 

4  4  4 

M3  4 

4  4 

M>  4  4 

4 

03  M 

•  LU  UJ  LU 

-UJ' lU  UJ 

-UJ  UJ 

-UJ 

- 

M  lO  H 

How 

^  t-4 

o 

r>-  N*  M3 

N 

T-t  33 

in  in 

rv 

4  CD  in 

(V|N  4 

4  4- 

-> 

14  4  CO 

CD  o  »h  in 

N  HO 

tH  o 

ro 

■O  S\  O 

CM  roi  4  CM 

HHOI 

M3  4- 

N 

O  K*  -4 

CD  N 

N  CD 

H  M3  4 

CO  N 

4 

1  —  ■ 

4- 

w  — 

CD  - 

M3  - 

O 

cm  a  j 

o  h 

N  CM 

CD  HK 

O  tH 

H 

w 

w 

— 

| 

H 

H 

H 

j  t-4  CM  ro 

cm  ro 

t-4  04 

H 

j 

* 

41 

4 

A  i 

1 

- 

4 

4 

* 

i 

329 


CO 

fr- 


CL 

a. 


o 


w4oa>CMM3tv<3®«-ioro 
(MfMOiBOrlHrMMJON 
WhOC  N  H  M  Ki(C  N  M 
O  HI  1  NOO«f  M3  OtO 
®OnCM3-OCOC 


4 

UJ 


wootaiAino  how 
OCiCMOIMC  ro  «  O  M3 
'f  OOHA®  HNOAO 
o  o  ro  ro  <  co  o  cm  m  cc  cd 

J\  O  M3  O  MW)  M3  N  N  N  13 


3 


o. 

to  3C 
—  a. 
tr 


in 

o 

rv 


CO 

C/3 


M)  M)  n  in 

o  o  o  c 

o  a  a  a  a 

O  UJ  UJ  UJ  UJ 
-  O  O  CD  O 

o  o  o  o  o 
o  o  o  o 

O  C  W  C 


M3  M3  m  m 


O  1  •  1  1 

oiil  UJ  IL  UJ 
-o  o  o  o 
CD  O  CD  O  O 
CD  O  CD  CD 
O  O  (\J  o 


in 

M3  M> 
O  C 

o  i  a 

CD  UJ  LU 
-  O  O 
CD  O  CD 
CD  CD 
CD  O 


CM  4  ro  o 

CM  4  ro  o 

CM  4 

O'  <C  M3  CM 

O'  cq  M3  CM 

O  CC 

CD---- 

CD  —  —  —  — 

CD  -  - 

O  4  O'  tH  CM 

O  4  O'  T-I  CM 

CD  4  O 

o 

o 

CD 

u. 

o 

CD 

CD 

L> 

-ro  W  H  H 

-*0  CM  tH  T-I 

-rO  CM 

CD  CD  CD  CD  CD 

CD  O  CD  O  O 

CD  CD  CD 

a  a  a  a 

a  a  a  a 

a  a 

UJ  LU  U>  UJ 

UI  UJ  UJ  UJ 

UJ  UJ 

L3  O 

lAOAN  J) 

4HOO  A 

CM  O  CD 

Q  a 

t  o  4  ro  ro 

4  CM  4  O  CC' 

win  o 

\  cx 

r-  in  <r  ro  «u 

O  WO  H  N 

ONN 

X.  \ 

m  o  co  r-i  in 

ri  frO  H®  ® 

ro  -c  t-i 

Q  *: 

H4  0*0® 

h  ro  to  ®  o> 

OO  A 

i/3  a. 

-ro  oi  h 

-  o  <o  ro  o 

-in  in 

a 

W  •  W  w 

w  W  W  W 

—  — 

O  <  rl  (\J 

O  IT  Hd 

CC  14% 

CD 

4 

N 

o 

o 

O 

m 

N 

Q 

T-I  ro  OJ  CM  CM 

o  ro  cm  rv  cm 

G  ro  CM 

\ 

NO  O  C  D 

in  o  oo  o 

4  0  0 

C3 

ro  a  a  a  a 

ro  a  a  a  a 

ro  i  l 

n 

—  LU  LL  LU  ui 

-UJ  LU  UJ  UJ 

-LU  UJ 

to  4  N  O 

CM  4  -T-I  4 

33  M> 

L3 

mj  o  o>  ro 

«E  CC  CD  M3 

M>  ro 

o  a 

co  ro  o  M3  m 

4  N  N  W4 

HM)  H 

o  X. 

4  m  m.  ro  cm 

M>  ro  ro  M)  CM 

CD  tH  M3 

a, 

NHOIOO 

in  H04  n 

M3  ro  T-I 

\  CL 

0  4  t-4  CM  O 

04  A(VJH 

MW 

L9  Q 

ro  -  -  -  - 

CM---- 

CM  -  - 

a. 

-ro  cm  in 

-  KJ  CM  in  4 

-ro  cm 

o 

o  ro  ro  ro  ro 

cm  ro  ro  ro  to 

CD  ro  ro 

LD 

M3  C  O  CD  CD 

in  CD  CD  CD  CD 

4  o  s 

►- 

M>  4  4  4  4 

T-I  4  4  4  4 

CM  4  4 

CM  JJ  UJ  UJ  LU 

CM  LU  UJ  UJ  UJ 

tH  LU  iU 

O 

®n  «  ®  ro 

CD  N  o  ro  A 

ON  O 

-n  ro  ro  o 

-4  HN  CC 

-N  fv 

a. 

CD  4  (Min 

ro  o  cd  o 

in  t-i 

4— 

CV  M>  CM  CO 

4  (V  rl  H 

O'  T-I 

a 

ro  ro  o-  M)  cd 

M3  O  M3  tO  CD 

cd  ro  th 

B 

n(Vl  CM  rO  4 

nHWK  K- 

M3  -n  CM 

4 

ro  -  •  -  • 

O  •  -  -  - 

H  -  - 

*- 

•  ir-  ir  in  tr 

•  in  it  tnir 

-in  ir 

LU 

o 

DD 

H 

1 

•H 

w* 

r- 

O  CD  CD  O 

O  CD  CD  CD 

a  o 

O  CD  CD  O 

CD  CD  CD  C 

c  c 

CM  4  4  4  4 

4  4  4  4  4 

Nil 

a 

-UI  LU  Uj  UJ 

-Ui  Ui  U>  UJ 

-UJ  LU 

■< 

fOA  M>4  4 

o  Hrooo 

in  in  o 

«  4- 

ro  in  o>  r*  m 

o  CL  KJ  tc  in 

th  4  a. 

>  01 

NN  DA  > 

N  CM  4  4  CM 

OHO 

I 

in  m  ro  in  th 

in  o  o  ro  th 

Adi 

¥- 

O  O  *0  JO 

O  4  n-  4 

■o  .O 

a.  ro®  n 

IT  C  1  K, 

c. 

CD  -  -  -  - 

A  -  -  -  • 

o  -  - 

-N  M  4  ro 

m  4 

-o  a> 

U> 

M3 

4 

CD 

4- 

M3 

ro 

fv 

T-iro  ro  ro  ro 

t-4  ro  ro  ro  ro 

o  ro  ro 

m  c.  o  cd  cr 

in  ci  o  c  c 

m  r.  c 

4  4  4  4 

4  4  4  4 

4  4 

u  a  iu  uj 

UJ  U»  ui  u» 

IU  LU 

nro  -o  W  H 

m  cm  o  *o  a) 

NAD 

J  V 

M3  CV  4  M' 

OO  N  4  C\l 

ro  cc  o 

(->  Q- 

in  33  3*  rv  M3 

ro  O  OO  O 

(MN  D 

<  > 

M3  K3  C  CM  m 

MJ  TO  CM  IT,  O' 

rv  m  o 

27 

-33  CM  4  4 

•®  HW  H 

-  t-i  ro 

-  •  4  no  N 

Hin  ro  o® 

HN  4 

w  w  w  w 

W  W  W  w 

w  w 

m  IT  4  4 

in  ir  ,  in  4 

in  in 

CM 

33 

4 

CM 

in 

4 

4  t-4  t-4  CM  M 

O  r-f  t-4  CM  'M 

<0  H  H 

CD  CD  O  O  O 

cm  o  e  o  o 

M)  O  O 

NJ 

M3  4  4  4  4 

M3  4  4  4  4 

M3  4  ♦ 

-UJ  LU  UJ  UJ 

-UJ  UJ  UJ  UJ 

-LU  lU 

DN  DO 

m  4  4  n 

H  M> 

3C 

ro  fvi  in  n 

a  ro  O  CM 

nj  <* 

UJ 

W  HO  w 

4  ro  o  o 

•O  CD 

a 

ro  m>  in  th  in 

M>  m  M3  C  fv 

HOW 

A  O  O  J3  M 

W  A  W  □  (VI 

M  CD  O 

tH  C  CM  O  M3 

C  N  N  O  A 

rv  m>  ro 

x>  «  —  —  « 

CD  -  -  -  - 

4  -  - 

ir 

®  c\  cu  cm  ro 

O'  HN  CVJ  Kl 

O'  H  N 

• 

• 

• 

t-i  cm  ro  4 

t-I  CM  lO  4 

H  CM 

□ 

4 

4 

4 

— 

H 

U 

un 

m 

m 

M 


-o  >0  irw  a  tn  in 

O  O  O  O  <Z.  Q 

O  I  I  ft  I  I  • 

O  LU  LLI  UJ  UJ  UJ  LU 
•  OO  □  o  o  o 
c  □  c  o  o  a  c 
a  a  a  o  o  o 
«o  c.  cm  o  o  c 
CM  ▼  fO  O  '♦CM 
CMt  ■onjo  o 


'O'O  JN 

O  O  O  O  CJ  o 

O  •  |  I  t  t  • 

CO  LLI  LL  Ui  LU  LU  LU 
-O  O  OOOO 
OOO  o  c>  0  a 
□  o  o  o  o  z> 
o  o  (\i  o  o  o 
CM  4  tO  I»  4  CM 
o  cr  o  rvj  o  sr 


•o  4>  m  a  a 

a  o  o  c  c 

Oft  I  •  •  • 

O  LU  LU  LU  LU  LU 

-00330 

000000 
00000 
O  O  CM  C  C- 

CM  ♦  fO  O  ♦ 

o  ti"T  oj  a 


CO  4  O  HiMCMfO 


•  *0  CM  IV  H  H  M 
OOO  O  O  C  C 
•  ••III 
LL  UJ  LLI  LLI  LU  LU 
OiAO  H  ro  J)  H 

fN  m  a  oncM'O 
A  X)  CM  4  1MH1M 
CM  f<  4  L A  O  A.  LA 
CMH  D  I\*M  HW 
-4  o  x>  x\  aj  4 


□  <f  O  H  (M  (M  K) 


•  -ofO-O  A  a  n 
c  c.  0  o  o  o  o 

•  ft  1  •  •  l 

LU  LU  UJ  UJ  111  LU 
OJ^iAON  H 
OIT.O  <1  OO  rl 
53  CM  O  >  rO 

to  a.  ro  a  o  -o  c 
o  d>  o  o  jmo 
-4  0  D  IM  CD  fO 


co  4  o  h  ai  cvi 


-  fO  O  fO  O  o 
o  o  o  c  o  z* 
•  •  •  •  r 

uj  ui  uj  oj  ll: 
N  O  M  O  vM  «D 
D  ON  CD  IA 
*0  0  r|  H  CM  O 
w~f  r>-  v  s  ^ 
00  X>  .M  4  o 
-4-  4  fN  4>  4 


4  o  h  f-  r> 


I  (M  CM  (M  (M  (M 
I  o  o  c  0  c 

ft  ft  I  ft  ft 

I  LU  lift  U.  lU  LU 
■  NNN  OO 
fft  O  fi  CT  O 

I  -O  lA  tO  lA  «-ft 
O  N  OON 
I  CM  O.  O  CM  a 

1  o  cl  in  c  in 


c\  o  4  ro 

1  • 

I  tO  4  4  t5 
»  c  o  c  c 
1  I  ft  I 
»  111  UJ  UI  111 
I  H  CM  CM  CM 
•  o  »h  o  p- 
CO  tO  CM  A 
i  in  fft  fft  CZ 
ooo-o 

I  A  H  rl  A 


I  O  N  CL  M 

I  • 

CM  CVI  to  A 
o  o  c  o 
lilt 
LU  LU  LU  LU 
IN  O  CO  O 

aj  ro  cm  cm 

O  CM  O  H 
O  O  to  CM 
(MOON 
CVJ  to  CM  O- 


I  CM  M  N  O  rft 


OtO  fO  »OtfO  *0  fO 
O  C  C*>  Cl  CZ  CJ  O 

M  ft  ♦  ft  ft  4  4 

r  x  u  di  df  inu 
r>*  in  htiood 

-O  co  !Oi  A  D  r» 
fft  CD  CM  HI0  4) 
O  *C  4~  4  C 

o  A  cm  a  o  o  ^y 

0  0  C  H  (V  CM 
CO  «  •  4  •  >  • 

•  M  A  A  J  tT,  in 


0) 

* 

• 

fi 

r-H 

< 

4 

O 

dft- 

C 

aJ 

»  UI 

3 

ft 

O 

-  r>  cm  4  cm  *h  p- 

•  • 

A  fO  tO  -O  fO  fO  fO 
^y  c  c  c  o  c  c 

CD  4  4  4  4  4  4 

|n  U  X  X  X  lU  ai 

in  0  0  o  o  o  xv 

-  CVJ  o  o  =>00 

4  00000 

C  C  c  CjCKj 
H4  N  NNN  H 
O  fN.  Ti  r»  H  r1  <M 

•l»*  V  4  4  4  4 

o 

H 

rft  H  fft  ri  H  H 
<3  C  C  O  C  CT. 
4  4  4  4  4  4 

-  UJ)  LU  LU  UI  LU  LU 
O  3»  .-ft  O  fft  A  O 

fN  4  o  in  ro  o  c 
fft  >  o  o  <7  00 

lO  Ai  O  Al  N  N  CM 
CVli  y  iO  O  Al  O 

c  a  a  nn< 


*  *3  CD  CO  O  O  Ci 


0,00-0000 
^  c.  c  a  o  c  n 
♦  •  4  4  4  4 
UJ  IL  UI  UJ  u:  Ul 
«  >  A  0>  H  H 
Ci  DO  A  ID  M  4  tO 
r4  H  >  O  HN-  *0 
OC  ®  N  A  4  CD  O 
•  A  N  O  *y  O  N 
rlO  N  A  tO  ri  O 


-  H  H  %•*  H  H  rt 


A  0*0  -O  tOtO  tO 
to  oc  o  0  o  e 
4  4  4  4  4  4 
ll*  U  U  UJ  111  UI 
in  ftnj  H<r  00 
M  tO  O  It)  CVJ  O  X- 
CM  >  H  fft  O 

ffl  «  >C  ®  (\J  O  N 
-47  o  O  57  O  X) 
CMOlO  O  tO  H® 


■  tO  CM  ft  -O  N 

4  4 

O  to  (O  to  to  to 
in  o  0  0  0  0 

ro  4  4  4  4  4 

N  X  X  X  X  X 
IA  *H  Or  O  O  O 

•  .0  OOO  o 
o  0  0  C3  0 

to  o  c  o  c 

O  D  N.N  N  N 
CM  H  f*  f*  fi 

ro  —  -  —  -  - 

-  r)  v  v  57  v 
£> 


c  ro  c  c  C 

XV  4  4  4  4  4 

*  LU  LL.  LU  Li.  lU 

C  D  D  O  O  .X 

aj  r*>»  ro  rvj  o  -o 

.M  N  O  4  M  AJ 
®  v  g(\j  o  vy 
<M)A  04 
cr  a  a:  a  in 

-  -  -  -  - 


XV  *o  ro  to  ro  to 
to  c  o  o  c.  re 

44444 

U‘  U'  UI  U*  ll. 
D  -y  D  O  (M  N 
to  A  rf  rft  O  A 
A  -O  D  4  CM  O 
CD  C  57  O  N  C  * 
-  O  HAD  4 
CVJ  C  O  «C  tO  n 


ia  in  in.  in  in  ia 


*0  O  H  M  (Vi  M  M 

«c  o  c:  o  o  0  o 

XV  ♦  4  4  4  4  4 

-  LU  LU  LU*  LU  UJ  LU 

r«  >  3)  CM  O  5y  a) 

co  o  4  a-  o  xj 

O  CM  A  X  4  O 
O  O  H  X  N  N  -O 
OX  J>  013)  1)10 
C  N  4  q®  ffi  Q 
*3  -  -  4  -  -  - 

ON  to  H^CM  t 


fft  CM  tot  4  A  O 


r-  r"  r*v  .d 


tO  fft  fft  -4  CM 

►  co  c.  o  o  o 

4  4  4  4  4 

li  LU  UJ  UJ  UJ  LU 

OO  D  O  4 
h  fft  xv  o  aj  fN 

10-04  A  D 
®  O  to  N  o 

brftt  4  4  4 

v  ®  ®  4  o  ro 
■  — 
1®  cm  m  co  f« 


hcm  to  4  a  ® 


H  3  3 
5T  C  O 
fft  4  4 

•UJ  LU 
4  X  N 

co  *o 
o  aj 
NO® 
4  H-O 
W  (T  O 
4  -  - 

O  fft  to 


UJ  u.t  -u 
fN  o  4 

4  A  4 
DON. 
IA  57  CM 
>  XV  to 
la  ro  a 


fft  CVI  tO  57  XV 


LA 

IA 

IA 

IA 

Aj 

CM 

AI 

M>  40  IA  IA 

X  X  A 

X 

•O 

*o 

O  C?  O  O 

OOO 

CO 

O 

O 

O  I  ft  |  l 

0  I  1  I 

CS  | 

1 

CO  ft 

CM 

CM 

O 

O  LU  LU  UJ  Ui 

0  Lil  LU  LU 

O  Ui 

LU 

a  LU 

O 

CM 

CM 

-  O  O  O  O 

-000 

-  O 

a 

-  0 

m 

m 

• 

C  O  O  G  O 

0000 

O  O 

0 

0  0 

a* 

O 

O 

OOOO 

OOO 

O 

0 

CO 

>o 

O 

43 

Cl  C  CVJ  0 

0  d  cvj 

0 

0 

CO 

CVJ 

CM 

CM 

ai  57  ro  0 

cvi  •  to 

CM  -4- 

CM 

0  rr  O  CM 

X  ®  X 

O 

CD 

O 

0  •  •  •  • 

0  -  -  - 

O  - 

- 

0  - 

CM 

43 

fft 

0  57  O  fft  LM 

J5|  >  H 

O  4“ 

O 

0  4- 

fN 

O 

IO 

0 

O 

O 

0 

-O 

O 

fN 

O 

c 

C 

0 

CJ 

C 

O 

*•-0-0  4  4- 

•  v>  0  *0 

-  *o 

O 

-  4 

• 

• 

. 

CO  0  O  O  LO 

0000 

a  0 

a 

O  O 

AI 

AJ 

AI 

rial 

f  1  I 

ft 

ft 

1 

LU  LU  LU  LU 

UJ  UJ  UJ 

LU 

UJ 

LU 

4  CM  ON  X 

fOOACM 

O  Pn 

4 

O  4 

O 

O 

a 

m  «-« 0  0  cm 

tO  N  N  A 

CVI  fN 

CM 

O  O 

C 

O 

0 

57  0  fft  0  3 

M  HO  H 

0  4 

23 

CM  CVI 

O 

CJ 

O 

CVJ  XV  CL  5T  |*> 

11  c  v  a- 

Cl  O'. 

CM 

O  CM 

C. 

c 

CJ 

CO  fft  0  fft  4 

0  0  57  0 

ro  0 

4 

O  O 

O 

0 

0 

-57  O  tO  O 

-K)  PN  y-i 

—  f* 

fi 

-  OO 

• 

• 

• 

m  m  m  m 

•  —  — 

- 

• 

4  - 

O 

CO 

0 

Htt  NO* 

fft  57  If 

fi 

fft 

a* 

LA  ft 

ro  ft 

0 

•h  1 

4 

fN 

0 

CM 

fN 

0 

to 

4 

fN 

43 

O  tO  (M  tO  -O 

ro  to  AI  <M 

0  ro 

ro 

<0  to 

4 

*0 

ro 

IT.  CJ  C..  O  CJ 

lA  CJ  0  0 

4  0 

O 

4  O 

4 

4 

4 

O  1  ft  ft  ft 

0  ft  ft  ft 

0  a 

ft 

O  ft 

O 

O 

0 

-LU  LU  U.  LU 

-UJ  LU  Ut 

•  Uj 

LU 

-UJ 

• 

« 

— 

®  XX  4 

5T  <0  IA 

O 

•O 

O' 

A  4  X  X 

57  CO  57 

<G 

rv 

to 

57  fft  LA  LA  O 

-OlA  N  W 

fN  fft 

fft 

4  fN 

O 

to 

CM 

0  fft  la  cr  ro 

O  AJ  O  AJ 

ro  0 

0 

CU  CM 

A 

ft 

O 

HCVJNX  O 

D  4  a  H 

fN  ro 

0 

4  O 

to 

to 

ro 

ro  57  *-*  »n  v 

tO  57  CM  fO 

CVJ  C 

fft 

CM  4.* 

Aj 

CM 

CM 

E  •  -  •  • 

O  -  -  - 

O  • 

— 

O  - 

0 

O 

O 

-to  AJ  ft  CM 

—  tO  rft  fft 

-ro 

to 

-  CM 

- 

- 

m 

l> 

ft 

ft. 

ro  to  -o  to  'O 

fft  to  to  to 

xv  ro 

to 

a>  to 

to 

to 

O 

N  C  C  O  □ 

4  0-0  0 

LA  O 

0 

4  0 

fi 

4 

Cl 

A*  4  4  4  4 

0  4  4  4 

»N  ♦ 

4 

*0  4 

O 

O 

Tl 

X  X  X  X  UJ 

A  X  X  X 

4  Ul 

*u 

to  UJ 

to 

AJ 

CM 

A  O  O  O  O 

A  <0  O  O 

iA  a 

4 

A  4 

A 

A 

A 

•to  O  ?  D 

-•000 

-  2) 

A 

-  CM 

- 

• 

.1 

5r  a  a  a 

CM  O  O 

f«  ro 

GO 

0-  c  c  0 

X  C  C 

•c 

MJ 

to 

A  CM  N  N  N 

XXNN 

to  CO 

O 

fft  fft 

JO 

O 

GO 

A-  O  ft  trt  ri 

in  a  f  ft 

f  5* 

CO 

C-  57 

c 

c 

0 

O  -  -  -  - 

0  -  -  — 

fN  - 

— 

4  - 

0 

0 

3 

•  K>  57  5y  4 

«K>  57  5? 

-  to 

4 

-  fO 

• 

• 

• 

O 

> 

O 

JO 

fft 

fft 

fft 

r-ft 

fft 

ft 

CV 

A. 

CM 

CM 

fft  fft  fft  fft 

fft  fft  fft 

fft 

fft 

fft 

0  c  c  c> 

O  C  C 

C 

O 

0 

AI  4  4  4  4 

57  4  4  4 

CO  4 

4 

fft  4 

4 

L> 

4 

—  UJ  U-  UJ  114 

-LL  11.  LU 

•  UI 

ll 

-UJ 

- 

- 

- 

XV  XV  AI  fi  XV 

MONO 

O  -O 

O 

*0  0 

A 

CO 

AI 

a:  0  co  id  cc» 

*C  CL  tO  fft 

fN  57 

IA 

fN  >0 

to 

4 

A. 

Ai  AI  0  0  iM 

•0044 

57  » 

O 

A  O 

O 

O 

£> 

CD  (M  A  X  O 

(O  CVJ  A.  CM 

to  4 

0 

CO  0 

ID 

CO 

CD 

n  x  n  :m 

fft  AI  rft 

fN 

O 

5T 

a  a  a  at 

oo-o 

O 

O 

CO 

»o---- 

to  -  -  - 

CM  - 

• 

CO  - 

•O 

fN 

O 

•  fft  ft 

•  fft  fi  fft 

—  fft 

fft 

—  CM 

• 

- 

- 

0 

O 

AI 

to 

•O 

CM 

O 

57 

17 

CM 

A 

fi 

C 

O 

iA  ro  ro  ro  ro 

57  tO  tO  tO 

4  tO 

O 

to  to 

to 

to 

to 

K*.  O  C  C  C> 

rr  0  c  c- 

ro  0 

O 

to  0 

to 

PO 

ro 

4  4  4  4 

444 

4 

4 

4 

ll  u*  u-  ut 

U  >1  111 

u 

U 

u> 

>  :m  >  N  N 

57  O.O'M 

XV  fft 

fft 

fft  0 

v> 

0 

0 

N  f<  (V  r*.  O 

<j  tO  re  4 

X  IN 

fN 

4  4 

4 

4 

fN 

'JO  to  M)  57  57 

ro  to  to  ro 

O  XV 

O 

fN  f| 

fft 

CM 

AI 

od  ro  f»  to  fft 

0  c  0  fO 

a  0 

to 

c  *0 

fi 

fi 

fl 

-XV  N  fft  4 

•  O  4  O 

-  to 

0 

-  4 

- 

- 

- 

CM  HO  N  4 

CM  CVJ  O  fN 

ro  to 

fft 

fO  4 

to 

to 

to 

a,  r*  r*-  fN 

a  *£•  rN 

a# 

CL 

IX 

57 

a> 

•0 

ro 

ro 

:x 

to 

0 

c. 

0 

fN 

fN 

4 

to 

A  O  J  H  H 

HO  O  H 

fft  0 

O 

o  0 

O 

4 

4> 

ro  0  0  10  0 

fN  O  O  O 

id  0 

C3 

0  a 

O 

A 

41 

Ai  4  4  4  4 

ro  4  4  4 

XV  4 

4 

X>  4 

O 

t> 

> 

-XX  X  lU 

•UJ  UJ  UJ 

-  UJ 

LU 

-  UJ 

- 

- 

- 

4  X  N  X  N. 

4-  fN  O  O 

4  A 

4 

4  A 

4 

4 

4 

N  AJ  O  4 

X  tO  N 

CM 

rvj 

4 

O  ro  0  O 

HX  4 

XV 

4 

A 

tO  X  A  X  X 

N  >  X  CM 

fN  *N 

CO 

4  O 

<0 

4) 

A 

AI  X  >  ,M  -Q 

tO  >  A  CM 

O  O 

4 

CM  O 

O 

O 

A- 

N  N  tO  A  CM 

C  XD5t 

O  IT 

4 

O  4 

A 

to 

a 

fft  —  —  —  — 

AI  -  -  - 

r*  - 

— 

fN  - 

a 

AI 

M 

fft  fft  ro  Aj  IA 

CV|  H  1C  CM 

tO  f*  fN 

A  fft 

fN 

fN 

fN 

m 

• 

— 

m 

• 

• 

• 

CM 

cv 

CM 

CM 

CM 

CM 

AI 

fft  AI  *0  57 

fft  CM  to 

fft 

CM 

fft 

57 

4 

4 

4 

A 

A 

A. 

O 

O 

<0 

<3 

4) 

43 

43 

AI 

CM 

AI 

AI 

CM 

AI 

AI 

HOT  REPRODUCIBLE 


Table  B -II— Continued 


Table  B- II— Continued 


TD2P  (PLUME)  -  NAMELIST/ DATA  PRIU  IT 


*U*T* 

(READ  FROM  TAPE  8) 
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T^n.PHASE  HLyHE  PRQORa.  HAS  BEEN  COMPLETED 


CP  TjMfc  e  489,422  PP  TIMfc  «  246.239 


SLINES 


HtGlNNlNn  Of  STREAMLINE  GENERATION  PROGRAM 


CP  Tjnt  *  48V, 

431  PP 

TIME  *  247,752 

STREAMLINE) 

1  > »  0,00000 

PERCENT  OP 

the  total  MASS 

F  LOW 

ZIMT  « 

0,000000 

{NONDJMENSIONAL  •  S/RC) 

PINI  I  e 

1992, 764306 

( PS  J  A  ) 

UNIT  = 

6128,734034 

(UFO,  R> 

VINJT  = 

1918,291211 

(FT/SEC) 

SPINAL* 

11,540129 

( NONP I MENS I ONAL  •  Z/RC  ) 

MGKSK  = 

73 

(NO,  OF  PRFSSURe  T  AbL  b  POINTS) 

POJNT 

AXIAL 

RAP  J  AL 

STHEaml  Jnf 

PRESSURE 

NO, 

distance 

DISTANCE 

ojsi ance 

(PSIA) 

<  Z/RC ) 

!  R/RC ) 

(S/RC) 

1 

■  1,250 

0,006 

0,000 

1992,764 

2 

•1,162 

0,000 

,088 

1968,598 

3 

*1.073 

0,000 

.177 

1939,718 

4 

-,9<j5 

0,000 

,265 

1906,875 

5 

•  ,896 

0,000 

,354 

1869,199 

6 

•  ,808 

0,000 

,442 

1826,204 

7 

.,719 

0,000 

,531 

1777,4m 

8 

•,631 

0,000 

,619 

1727,201 

9 

• ,  542 

0,000 

,708 

1693,414 

10 

•,454 

o,ooo 

,796 

1652,289 

11 

•,365 

0,000 

,865 

1604,440 

12 

•,277 

0,000 

,973 

1550,596 

13 

•,188 

0,000 

1,062 

1460,280 

14 

*,100 

0,000 

1,150 

1430,930 

15 

*.011 

0,000 

1,239 

1376,494 

16 

,077 

0,000 

1,327 

1317,779 

17 

,166 

0,000 

1,416 

1246,34? 

Is 

,?&« 

0,000 

1,504 

1166,698 

345 
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34  3 
<31 
.*00 
,  Bb 3 
,967 

1, n*5 
1,145 
1,241 
1,341 
1,448 
1,563 
1,668 
1,826 
1,960 

2, ?U 
2,313 
2,395 
2,52* 
2,596 
2,663 
2,766 
2,924 

3 ,  nuB 
3, 095 

3,219 

3,423 
3,532 
3,643 
3,958 
4,126 
4,301 
4,679 
4,892 
5,113 
592 
24 
41 
01 

10 
55 
04 
61 

7,723 

7 ,896 
8,075 
8,268 
8,466 
8,676 
3,993 
9,131 
96 
80 
•>i 
90 


0 , 00 01 

1  ,393 

1116,877 

(1,000 

1,6- 

1057,315 

0,000 

2  i  \  . 

806,477 

o,oon 

2,333 

770,934 

0,000 

2,217 

732,580 

0,0011 

2,305 

693,313 

o,ou° 

2,395 

652,519 

(1,000 

2,491 

611,134 

(1,000 

2,591 

568,816 

0,000 

2 , 6  9  P 

526,072 

0,000 

2.P1J 

482,766 

0,000 

?,93P 

439,223 

n,oon 

3,076 

395,468 

0,000 

3,?30 

351,779 

OjflOO 

3,461 

295,fil5 

0,00(1 

3,563 

269 , 0  b2 

0,000 

3,645 

254,118 

0,000 

3,776 

226,334 

0,000 

3,846 

214,670 

0,000 

3.9J7 

202,486 

0,000 

4,016 

107,451 

0,000 

4,174 

165,741 

0,000 

4,258 

154,696 

0,000 

4,345 

1*15, 360 

0,000 

4,469 

131,440 

0,000 

4,673 

112,893 

n,oun 

4,762 

103,419 

0,000 

4,893 

96,422 

0,000 

5,208 

77,591 

0,000 

5,376 

69,366 

0,000 

5,551 

62,617 

0,000 

5,929 

49,984 

0,000 

.6,142 

43,846 

0,000 

6,363 

39,296 

0,000 

6,842 

30 , 684 

0,000 

7,374 

23,949 

0,000 

7,791 

21,099 

0,000 

8,051 

20,967 

0,000 

.  9,219 

.  20,251 

0,000 

8,360 

19,951 

0,000 

9,505 

19,935 

0,000 

8,654 

19,982 

0,000 

9,811 

20,057 

0,000 

5,973 

20,123 

3,000  _ 

— 9+146 —  . 

........  -20,196 

0,000 

9,325 

20,171 

0,000 

9,518 

19,915 

0,000 

’,716 

19,849 

0,000 

9,926 

19,856 

0,000 

10,143 

19,904 

0  4  0  00..-.  . 

.LOjjai _ 

_ 19,929 

(1,000 

10,646 

18,291 

0,000 

10,  0 

17,336 

0,000 

ll.t.4 

16,215 

0,000 

11,540 

15,392 
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STHEAMl I NE (  2U  20,00000  PERCENT  OF  THE  TOTAL  MASS  Fj.OW 


Z  INI  T 
P I N I T  s 
TIN!!  * 
V I N I  T  » 

zfjnal* 


n.nooooo 
<££>07, 6234  3  7 
613ft, 185482 
185P,4210?3 
ir.,4343?t> 


(NONnjMfcUblOMAL  .  5/RC) 

(PS1A) 

(DEG,  R) 

(FT/SfcC) 

(NONDl^fcNjlONAL  •  Z/HC  > 


GNSK  < 

66 

(NO,  Or 

PRESSURE  TABLE 

POINTS) 

0 1  NT 

AXIAL 

radial 

streamline 

PRESSURE 

NO, 

DISTANCE 

DISTANCE 

DISTANCE 

( PS  I A  ) 

t  z/»g  > 

IP/RO) 

( S/RC  > 

1 

•1,250 

,560 

o.noo 

2007,823 

2 

•1,162 

,547 

,069 

1981,789 

3 

•  1,073 

,  535 

,179 

1951,099 

4 

•,985 

,524 

,  ?68 

1915,353 

5 

•  ,  896 

,513 

,367 

1R7  4,112 

ft 

■  ,  fl  08 

,50? 

,446 

1826,909 

7 

-,7l9 

,  49? 

,535 

1773,265 

8 

•  ,ftil 

,476 

1  625 

1749,073 

9 

•  ,54? 

,471 

,714 

1704,692 

10 

•  ,  454 

,466 

,  RQ? 

1653,410 

11 

-.365 

,461 

,891 

1595,816 

12 

-.277 

,466 

,980 

1532,585 

13 

•  ,188 

,465 

1,068 

1477,028 

l* 

•«1  00 

,449 

1,167 

1416,022 

15 

",  Oil 

,44« 

1.245 

1351,434 

16 

,077 

,447 

1,334 

1283,990 

17 

,166 

,447 

1,422 

1213,088 

18 

,?54 

,448 

1,511 

1144,993 

1« 

,343 

,460 

1,599 

1075,117 

go 

,431 

,453 

1,668 

1008,22? 

kil 

,749 

,449 

2,005 

781,204 

22 

,507 

,471 

2,067 

751,428 

23 

,946 

,519 

?,215 

677,937 
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2  4 

1,082 

,561 

2,357 

608,307 

?•> 

1,217 

,  6U 0 

542,034 

2.4 

1,349 

,635 

2 » t  * 

479,876 

27 

1,479 

,665 

2,768 

424,826 

28 

1,607 

,691 

2,898 

376,329 

29 

1,736 

,716 

3,029 

333,252 

an 

1,872 

,743 

3,168 

293,268 

31 

2,015 

,77? 

3,314 

257,000 

32 

2,168 

,8  06 

'•  4?1 

223,123 

33 

2,33? 

,843 

3,639 

192,423 

34 

2,510 

,  8b5 

3,82? 

164,404 

35 

2,705 

,933 

4,023 

141,668 

36 

2,682 

,955 

4,201 

127,590 

37 

3,105 

1,00? 

4,429 

114,027 

38 

3,358 

1 1  055 

4,687 

101,460 

39 

3,648 

1,116 

4,984 

89,38? 

40 

4,105 

1,210 

5,450 

74,033 

41 

4,320 

1,256 

5,670 

67,940 

42 

4,488 

1,289 

5,841 

63,737 

43 

4,774 

1,347 

6,133 

57,29? 

44 

4.9J4 

1.377 

6  ,  ?86 

54,209 

45 

5,081 

1,40® 

6,446 

51,376 

46 

8,301 

1,45? 

6,670 

47,649 

47 

5,660 

1,523 

7  ,n}6 

42,318 

48 

5,856 

1,56? 

7  ,  ?37 

39,716 

49 

6,057 

1,601 

7,441 

37,301 

40 

6,355 

1,659 

7,745 

34,057 

51 

6,844 

1,753 

8  ,  ?  4  3 

29,536 

52 

7,11? 

1,804 

8,515 

27,408 

53 

7,374 

1,853 

8,782 

25,547 

54 

8,153 

1,999 

9,5/4 

20,908 

55 

6,673 

•  ?  ,  o  7  8 

10,00? 

13,877 

56 

6,998 

2,155 

10,434 

17,113 
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STREAM!,  I  NE  ( 

3 ) ■  40,00000 

PERCENT  Of 

the  total  mass 

flow 

Z I N I T 

c 

0 , 0QO00U 

(N0ND1MENSI0NAL  •  S/HC) 

P  INI  T 

tr 

2028,364264 

(psm 

Til'll! 

8 

6146,272736 

( DEC,  ») 

VINIT 

a 

1774,13065b 

(FT/SLC) 

zfjnal« 

10,421796 

( NONDIMfcN5  I ONAL  •  i/HC) 

MGKSK 

12 

55 

(NO,  OF  PhESSuRE  TAbLE  POINTS) 

POINT 

AXIAL 

hadial 

STREAM^ jnf 

PRESSURE 

NO, 

DISTANCE 

DISTANCE 

DISTANCE 

(PSIA) 

( Z/RC  > 

(R/RC) 

(S/RO 

1 

•1,250 

,799 

0  ,  OQO 

2028,364 

2 

•1,162 

,  781 

,090 

1999,334 

3 

•1,073 

,762 

,181 

1965,110 

4 

•,985 

,745 

,  271 

1925,349 

5 

• ,  896 

,728 

,361 

1879,629 

6 

.,808 

,717 

,451 

1827,471 

7 

-.719 

,697 

,541 

1766,371 

e 

•,631 

,676 

,632 

1767,895 

9 

•  ,542 

,667 

,721 

1712,268 

10 

-.454 

,659 

,810 

1650,323 

11 

•  ,365 

,651 

,  8  96 

1582,554 

12 

-.277 

,644 

,967 

1509,524 

13 

.,188 

,636 

1,07ft 

1464,406 

14 

",  130 

,655 

.  1.164 

1392,639 

15 

- .  Oil 

,633 

1,253 

1318,565 

16 

,077 

,632 

1,341 

1242,894 

17 

,166 

,633 

1,430 

1170,601 

18 

,254 

,634 

1,518 

1094,832 

19 

,343 

,  638 

1,607 

1023,362 

..  .20 

,431 

_  ,643.. 

..  .  1.^96  .... 

.  949,990 

21 

,696 

,643 

1,960 

752,080 

22 

,716 

,650 

1,961 

741,362 

23 

,854 

,696 

7,127 

665,075 

24 

,993 

i  7  4  J 

2,273 

586,250 

25 

1,131 

,786 

2,419 

508,525 

-26 

1,271 

_ ,  031  .. 

_ 2,566  _ 

.  ...435*225 

27 

1,413 

,877 

2,714 

370,151 

28 

1,556 

,923 

2,865 

314,575 

29 

1,7«? 

,971 

3,019 

266,777 

30 

1,651 

1,020 

3,176 

228,607 

31 

2,003 

1,068 

3,335 

203,630 

32 

?»1?9  .  - 

.1, 115  .. 

3,498  _ 

_ 187,352. 

33 

2,325 

1,166 

3,671 

172,308 

34 

2,500 

1,218 

3,854 

157,990 

35 

2,687 

1,875 

4,050 

144,262 

’•l  P 
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36 

2,889 

1,334 

4,260 

131,120 

'37 

3,308 

1,399 

4,4  ' 

118,411 

_ 3<j  . 

3,349 

.  1,47.0 

_ <j . .... 

.1J)6,  ?51 

39 

3,555 

1,499 

4,947 

96,996 

40 

3,827 

1,566 

3,228 

86,339 

n 

4,337 

1,643 

3,547 

76,011 

42 

4,495 

1,731 

3,913 

65,989 

43 

5,061 

1,872 

6,499 

53,37? 

...  _ 44 

5,332 

1,939 

..  64770. 

49u«30 

45 

5,542 

1,993 

6,994 

45,049 

46 

5,901 

2,081 

7,365 

39,930 

47 

6,090 

2,12® 

7,559 

37,548 

48 

8,287 

2,177 

7,763 

35,258 

49 

6,565 

2,246 

8,049 

32,363 

50 

7,018 

2,358 

8,516 

28,300 

51 

7,267 

2,420 

8,7/3 

26,351 

52 

7,522 

2,483 

9,035 

24,555 

53 

7,899 

2,576 

9,424 

21,913 

54 

8,522 

2,763 

10,066 

17,538 

55 

a ,  p  67 

2,823 

10,422 

15,352 

STREAMLINE ( 

4 ) ■  60,00000 

PERCENT 

OF  THE  TOTAL  MASS 

flow 

1 

2  INI  T  s 

n ,  0  0  0  0  0  0 

(NflNniMbNSlONAL  •  S/RC) 

3 

P INI T  * 

2053,317024 

(PSJA) 

i  1 

TIMT  ■ 

6158,412074 

(OEG,  R) 

u 

V  I  N  I  T  ■ 

1667,048615 

<  FT/SfcC ) 

ZriMAL- 

9 , 236U 19 

(NONOJ"fcNi>IONAL  •  U RC  > 

-j 

MGKSK  ■ 

51 

(NO,  or 

PRESSURE  TABLE  POINTS) 

1 

POINT 

AXIAL 

RADIAL 

stheamunf 

PRESSURE 

! 

NO, 

DISTANCE 

DISTANCE 

DISTANCE; 

( PS  J  A ) 

1 

(Z/«C) 

(R/RL) 

(S/RC) 

1 

1 

■1,250 

,99? 

0,000 

2053,317 

| 

'1 

2 

■1,162 

,966 

,092 

2019,760 

1 

3 

■1,073 

,941 

,184 

1980,745 

1 

4 

•  ,985 

,917 

,276 

1935,960 

■ 

5 

•  1 896 

,895 

,767 

1834,962 

3 

6 

•  ,  8  0  8 

,874 

,458 

1827,235 

B 

? 

7 

•,7l9 

,854 

,549 

1762,205 

i 

6 

•  .631 

.831 

,640 

1702,140 

! 

•M 
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9 

-,542 

,fll« 

,730 

1714,942 

10 

- ,  454 

,01)7 

,8*  o 

1642,099 

a 

■  ,365 

,797 

1  9  .  •> 

1563,922 

12 

-,277 

,788 

,997 

1480,801 

13 

■  ,  1  fa  w 

,781 

1,086 

1442,231 

l-> 

-,1P0 

,777 

1,174 

1360,393 

15 

-,011 

,775 

1:263 

1277,440 

16 

,077 

,774 

1,351 

1193,909 

17 

,166 

,775 

1,440 

1110,471 

1" 

,77V 

1,528 

1035,535 

19 

,343 

,784 

1,617 

961,009 

ko 

,431 

,791 

1,706 

881,700 

21 

,640 

,795 

1,915 

717,171 

22 

,  683 

,80  V 

1,960 

693,868 

23 

,821 

,852 

2,104 

608,907 

24 

,959 

,897 

2,280 

521,435 

25 

1,099 

,945 

2,398 

436,550 

2« 

1,242 

,996 

2,549 

363,736 

27 

1,388 

1,053 

2,705 

300,922 

28 

1,537 

1,108 

2,P65 

259,704 

29 

1,690 

1,187 

3,029 

238,001 

30 

1,846 

1,225 

3,195 

219,675 

3.1 

2,007 

1,283 

3,366 

202,35? 

32 

2,171 

1,341 

3,540 

106,125 

33 

2,341 

1,399 

3,720 

170,940 

34 

2,518 

1,467 

3,906 

156,551 

35 

2,7y6 

1,520 

4,104 

142,859 

36 

2,906 

1,586 

4,314 

129,878 

37 

3,120 

1,666 

4,540 

117,497 

38 

3,361 

1,73? 

4,783 

105,73? 

39 

3,604 

1,814 

5,049 

94,526 

40 

3,881 

1,905 

5,341 

83,896 

41 

4,111 

1,94? 

5,573 

76,402 

42 

4,424 

2,030 

5,899 

67,350 

43 

4,781 

2,130 

6,270 

58,696 

44 

5,195 

2,247 

6,699 

50,307 

45 

5,853 

2,433 

7,384 

40,085 

46 

6,169 

2,524 

7,712 

36,114 

47 

6,414 

2,594 

7,967 

33,325 

48 

6,936 

2,716 

8,407 

26,081 

49 

7,069 

2,782 

8 , 639 

25,094 

60 

7,294 

2,854 

8,085 

22,149 

51 

7,629 

2,961 

9,236 

18,321 
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STREAMLINE!  0)«  8  0 , 0  0  0  0  0  PERCFNT  0)  THE  TOTAL  HASS  f|.C'H 


Z'  IT  « 

P.  ,1!  = 

T I N I T  « 

V  IN  1 7  « 

0,000000 

2991,143171 

6171,009471 

1540,268632 

(NONOIMENSIONAL  •  “'HO 
( PS  1 A  > 

{ DP 0 ,  R  ) 

(FT/SEC) 

zr inal- 

8,644056 

( NOND J  HfcNj  TONAL  •  2/HCJ 

MGKSK  « 

49 

(NO,  Of 

PRESSURE  1 AtiLfc  POINTS) 

POINT 

AXIAL 

HAD  I  At 

streamline 

PRESSURE 

NO, 

DISTANCE 

(Z/9C) 

DISTANCE 

(R/RO 

DISTANCE 

C  S/RC ) 

(PSJA) 

1 

•1,250 

1,166 

0,000 

2081,153 

2 

•1,162 

1,131 

,095 

2041,593 

3 

•1,073 

1,098 

,3  90 

1996,673 

4 

-.905 

1,066 

,203 

1946,054 

5 

• ,  896 

1,038 

;  376 

1889,211 

6 

-,808 

1,011 

,469 

1025,507 

7 

-.719 

,98ft 

,560 

1704,245 

8 

• ,  6  31 

,963 

,6*2 

1790,229 

9 

-,542 

,  9  4  A 

,742 

1711,576 

10 

-.454 

,932 

,032 

1627,907 

11 

• ,  365 

,919 

,921 

1539,265 

12 

• ,  277 

,909 

1,010 

1445,803 

13 

•,108 

,902 

1,099 

1409,973 

.  -  14 

•,100 

,097 

1,100 

1310 , 903 

15 

•,011 

,094 

1,276 

1227,595 

15 

,077 

,094 

1,365 

1136,380 

17 

,166 

,097 

1,4>3 

1056,140 

1ft 

,25< 

,90? 

1,54? 

966,216 

19 

,343 

,910 

lt631 

887,173 

.  ZQ 

,431 

i920 

1,720 

.  001,994 

21 

,582 

,930 

1,071 

675,103 

22 

,604 

,944 

1,925 

641, 22B 

23 

,673 

,  955 

1,966 

614,682 

2< 

,706 

,964 

7,000 

593,222 

25 

,  8  85 

1,021 

2,108 

467,783 

_ 24  . 

1,026 

1,071. 

. 2,337 

302,802 

27 

1,171 

1,126 

? ,  4 92 

313,344 

2fl 

1,310 

1,105 

2,661 

286,172 

2« 

1,468 

1,244 

2,512 

264,654 

30 

1,622 

1,303 

2,976 

244,259 

31 

1,779 

1,563 

3,144 

225,057 

_ 42  . .  .. 

1.940 

.  1,424 

_  ._3».310 . . 

_  2O74Q04 

33 

2,106 

1,486 

3,494 

190,025 

34 

2,270 

1,549 

3,677 

174,106 

35 

2,406 

1,615 

3,067 

159,176 

36 

2,643 

1,682 

4,066 

145,173 

37 

2,839 

1,70? 

4,274 

132,022 

35  . 

.3,047 

..  1,027 

.  ..  ._4_l4S5 _ 

119,502 
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39 

3,269 

1,906 

4,730 

107,682 

4f) 

3,507 

1 ,991 

«,r"4 

96,825 

41 

3,766 

2,094 

5 , ...  i 

66,398 

42 

4,049 

2,194 

5,568 

76,594 

43 

4,360 

2,295 

5,889 

67,395 

_ 

4,610 

2,341 

4.143  _ 

_ 61,312 

45 

4,960 

2,449 

6,509 

53,710 

46 

6,360 

2,57? 

6,926 

46,470 

47 

6,825 

2,718 

7,415 

37,957 

48 

6,591 

2,988 

6,227 

19,963 

49 

6,977 

3,147 

8,645 

14,839 

ENn  OF  STREAMLINE  generation  program 
MGKS  INPUT  tape  HAS  BEfcN  PREPARED 


CP  TJME  a  492,12k!  PP  TIME  «  264,634 
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09/15/71  .OyPfc  3,2,l/"finAC65U0«  VERSION  N  06/20/71 
09,57, 55, B929B06 
0?,57,56,SEK,B24929 

- fly  I  57, 56, H612, 2, 1500 . 900,600, 12000. 135 000, 

09,57,56, JDB24929  MAKHOFTMAN  A03833BBB047612  4DH41?  9615780010 

09,57,56,REilllkST  ,CONTA^,HY,  (1464  0  ) 

09,57,56.  (33  ASSIGNED,  &E6l  1464Q  ) 

09,57 ,56,RECUtST  ,  T  APE  V , HY ,  (RESERVE  ) 

09,57,56,  lo0 

09,57,56,  (21  ASSIGNED,  R£El  53929  ) 

09,57,56,COPYbF(CONTA«,KPL> 

09, 58,14, COPYBE  (C0'MTAM,TAPE4) 

09, 58,21, COPY5F (CONTAHiUCONT) 

09,58,30,REWt!'iD(Hfcl.) 

09,58, 30, RE4JND(TAPb4) 

09,59, 30, REWIND(UCONT) 

09,5R,30,RFTUKN(CONTAM) 

09, 58, 30  , REL, 10(j, 

09, 58, 30, DECIMAL-OP*  0Q0  SEC,,PP»  0J9  SEC , ,  OCT  A|,-F  L4012K  , 
09,58,30, REL, 90000, 

09,59, 09, DECIMAl-CP*  000  SbE,,PP*  000  SEC  , ,  OCT  A  U  •  E  L'OQOK  , 
09,59,gv,UPUAT6(P«ugnM) 

10,01,31,  UPDATING  FINISHED 
1 0, 01, 32, HUN (S, ,1001, COMPILE) 

10,01,47,KEwIND(L(iO) 

10, 01, 47, REL, 100, 

10,01,47,UFCIMAl«CPs  0 1 7  SEC  , ,  PP4  056  SEC  ,  ,  OCT  AL-F  L*(,60K  , 

10, 01, <7, HEu, 135(100, 

10, 01, 53, DECIMAL- CP*  oon  SEC,,PP*  000  SEC , , OCT AL*F L»00nK, 

10,01 ,53,C0HYLIb(LG1,LC>0,REL> 

10,01,53,  COPYLIP 

10,01,53. 

10,01,53,***  COPYLIb 

.10 .02,31 , fcXbCjT i on  fl«O370O0,  *0"  iOOOO  F0«  CP  LOADER  EL, 
10,02,31,DECIMAl-CP«  001  SEC , , PP*  022  SEC , , UCT AL-F L»135K , 

10,03,50  ,DECIMAl-CP«  002  SEC,, HP*  024  SEC  , , OCTAL-F L«037K  , 

10, 03, 50, END  COPYLIB 
10, 03,51, REwIND(LGl) 

10,03,5l.LISTIT(LGl) 

_1Q, Q5 , 01 ,  CATALOG  finished 
10, 05,01, SETCURE, 

10, 05, 01, LOAD ( Lul ) 

JO. 05, 51, ROLLOUT  COMPLETED,  (El  135000  ) 

10,14, 19, HOLLIN  COMPLETED, 
lU,l«,54,NnGO, 

_V0.i4, 55, HFL,  115000  , 

10.14 .55,  DECIMAL. CP*  013  SEC , , P°*  061  SEC  ,  ,  DC T AL*F L *135K  , 

10. 14.55,  APILc, 

10,20,13,HOLLDOT  COMPLETED,  <  El  H5000  ! 
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i- 


lb 1 29  1 07  ,R0LL 1 N  COMPLtTfcD, 

10, JO, 02, STOP 
„lO,JO.,OJ,REHli')P(TAPfc9> 

1 0, 30, 03,  COP YCF(TAP£9,  OUTPUT) 
10, 30,06, HETUHN(TAP£9) 

10,30, 09, CP  492,137  SEC . 

10, 30, 09, PP  267,273  SEC, 

10, 30, 09, $S  409,000  SEC, 
..B9290Q6,  011909  Ll^fcS  PRlNTfcn, 
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PROGRAM 


A  Multiphase  Reacting  Gas 
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LIST  OF  ABBREVIATIONS  AND  SYMBOLS 


A,  a 

a.,  b. 
J  J 


k.,  k  . 
J  kj 


Cross-sectional  area  of  the  streamtube 
Reaction- rate  parameters 
Specific  heat  at  constant  pressure 

Mass  fraction  of  i^  species 

tr  c  -th 

s  ree  energy  of  1  species 

Mass  fraction  of  condensed  phase 

Energy  addition  rate,  per  unit  normalized  length,  per  unit 
initial  streamtube  mass  flux 

Enthalpy 

Enthalpy  of  condensed  phase 

Nucleation  rate,  critical-size  nuclei  formed  per  unit  volume, 
per  unit  time 

Boltzmann  constant 

Equilibrium  constant 

Reaction- rate  parameters 

Momentum  flux,  per  unit  normalized  length,  per  unit  initial 
streamtube  mass  flux 

Third-body  reaction  term 

til 

Chemical  symbol  for  the  i  species 

Mass  addition  rate,  per  unit  normalized  length  per  unit 
initial  streamtube  mass  flux 

Reaction- rate  ratio 

til 

Molecular  weight  of  i  species 
Avogadro's  number 
Total  number  of  species 


Preceding  page  blank 
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Appendix  C 


KINCON 


NONEQUILIBRIUM  CHEMICAL  KINETICS  AND 
CONDENSATION  COMPUTER  PROGRAM 

A  Multiphase  Reacting  Gas  Streamtube  Model 
C.  1  INTRODUCTION 

The  computer  program  described  in  this  appendix  is  a  subprogram  to 
the  Plume  Contamination  Effects  Prediction  Computer  Program,  CONTAM, 
and  performs  chemical-kinetic  and  single-species  condensation  calculations 
along  gas-phase  streamlines  as  computed  by  the  Multiphase  Nozzle  and 
Plume  Transport  Computer  Program,  MULTRAN.  KINCON  may  also  be 
used  as  an  independent  computer  program  on  any  third-generation  computer 
with  a  core  exceeding  135,  000  words  and  a  Fortran  IV  processor. 

The  present  computer  program  is  based  on  the  ICRPG  One-Dimensional 
Kinetic  Nozzle  Analysis  Computer  Program,  ODK  (References  C-l  and  C-2), 
and  on  modifications  to  the  ODK  by  Dynamic  Science  Corporation  under  con¬ 
tract  to  McDonnell  Douglas  Astronautics  Company  (Reference  C-3).  The  pur¬ 
pose  of  the  original  program  was  to  provide  an  automated  engineering  tooi 
for  the  kinetic  analysis  of  one-dimensional  chemically  reacting  gas  systems. 
To  this  end,  a  number  of  options  were  included  in  the  program  to  aid  the 
user.  These  included  a  mass,  momentum,  and  energy  streamtube  addition 
option,  generalized  oblique  shock  calculation,  normal  shock- stagnation 
streamline  calculation,  area-defined  streamtube  option,  and  a  reaction 
screening  option.  Modifications  performed  under  the  present  study  include 
the  addition  of  a  thermodynamic  nonequilibrium  condensation  model  and  the 
automation  of  the  program  to  perform  successive  kinetics  and  condensation 
calculations  for  a  series  of  streamlines. 

Species  and  reactions  are  input  to  the  program  in  symbolic  form.  The 
user  may  input  arbitrary  species  (up  to  40)  and  arbitrary  gas  phase  reac¬ 
tions  (up  to  150),  Specified  third-body  reaction  rate  ratios  may  be  employed. 
A  comprehensive  library  of  thermochemical  data  is  available  as  part  of  the 
computer  program.  This  data  may  be  expanded  by  input  of  tables  punched 
directly  from  the  JANAF  format.  Automatic  plotting  of  temperature,  density, 
and  species  concentration  is  available.  A  unique  feature  of  the  program  is 
its  ability  to  integ rate— with  complete  numerical  stability— the  differential 
equations  governing  the  kinetic  system. 
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Section  C.  2  contains  a  discussion  of  physical  assumptions.  The  equa¬ 
tions  governing  the  inviscid,  one-dimensional  flow  of  a  chemically  reacting 
gas  mixture  are  given  in  the  form  in  which  they  are  integrated  in  the  com¬ 
puter  program. 

Section  C.  3  contains  a  discussion  of  the  integration  method  used  in  the 
computer  program. 

Section  C.  4  contains  a  description  of  the  program  overlay  structure. 

Section  C.  5  contains  a  detailed  engineering  and  programming  description 
of  the  logic  and  the  calculations  performed  in  the  computer  program. 

Section  C.  6  contains  a  program  user's  manual  describing  the  use  of  the 
computer  program  with  an  explanation  of  the  program  input  and  output. 

Section  C.  7  contains  input  and  output  for  a  sample  case. 


* 
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C.  2  ANALYSIS 


> 


/ 


The  method  of  solution  consists  of  integrating  the  conservation  equations 
for  the  chemical  system  in  such  a  form  that  the  chemistry  is  generalized  for 
binary  exchange  and  dissociation-recombination  reactions.  Condensed  phase 
products  are  considered  by  a  single-species  nonequilibrium  condensation 
option. 

a.  Conservation  Equations 

The  KINCON  computer  program  integrates  a  set  of  simultaneous 
differential  equations  along  a  pressure-defined  streamtube  (i.  e.  ,  P(x)  and 
dP(x)/dx  are  known).  These  differential  equations  represent  the  conserva¬ 
tion  of  species,  mass,  momentum,  and  energy  for  the  system  as  expressed 
by  Equations  (C-5),  (C-6),  (C-7),  and  (C-8)  below. 

The  conservation  equations  governing  the  inviscid  flow  of  reacting 
gas  mixtures  have  been  given  by  Hir schfelde r,  Curtiss,  and  Bird  (Refer¬ 
ence  C-4),  Penner  (Reference  C-5),  and  others.  The  following  basic 
assumptions  are  made  in  the  derivation  of  these  equations. 

1.  Mass  (rh,  s^),  momentum  (M),  and  energy  (H)  addition  rates  are 
defined  for  the  system. 

2.  The  gas  is  inviscid. 

3.  Each  component  of  the  gas  is  a  perfect  gas. 

4.  The  internal  degrees  of  freedom  of  each  component  of  the  gas  are  in 
equilibrium. 

In  one-dimensional  flow,  the  conservation  equations  have  the  form* 


species  ^  j(l  +  m)  c.| 


wi  r' 

=  s.  +(1  +  m)  — 


mass 


s(1  +  m>  =  * 


dr  -  • 

momentum  ^  [( 1  +  m)  VJ  =  M  - 


(1  +  m)  dP 
p  V  dx 


(C-l) 


(C-2) 

(C-3) 


The  independent  variable,  x,  is  taken  as  unitless  with  r*  as  the  conversion 
factor  to  units.  The  quantity  1  +  m  represents  the  streamtube  mass  flux 
normalized  by  the  initial  streamtube  mass  flux;  i.e.,  1  +  m  =  (  pVa)/ ( pVa) 

o 
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ene  rgy 


_d 

dx 


( 1  +  m)  hT  =  H, 


n 


=  2 


V 

c.  h.  +  — 
xx  2 


i=l 


(C-4) 


If  the  expansion  process  is  specified  by  the  pressure  distribution  as  a  func¬ 
tion  of  distance,  Equations  (C-l  through  C-4)  can  be  written  as 


dc. 
_ l 

dx 


s  ,  -  me. 
l _ x 

1  +  m 


w.  r-'- 
x 


pV 


(C-5) 


dV  _  M  -  mV  _1_  dP 

dx  ,  ,  -  '  pV  dx 

1  +  m 


dT 

dx 


J_ 

C 

P 


H  -  m  h^, 
1  +  m 


V  (M  -  mV) 
1  +  m 


1  dP 
p  dx 


l 

i  -l 


dc. 

_ x 

i  dx 


(C-7) 


whe  re 


d_P 

dx 


1  dP  j.  dT 
P  dx  "  T  dx 


J. 

R 


(C-8) 


C 

P 


n 


2 


c.C  . 
l  px 


Y  = 


(C-9) 


(C- 10) 


(C-l  1) 
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For  each  component  of  the  gas,  the  equation  of  state  is 


P.  =  p.R.T 

1  3  1 


(C-  12) 


Summing  over  all  the  components  of  the  mixture,  the  overall  equation  of 
state  is  obtained 


n 

P  =  pRT  -  pT  ^  c.R. 

i=l 


(C-  13) 


calculated  from 


The  net  species  production  rate  co.  for  each  species  (component)  is 


n 


.  =  m.  p2  V  (v1 . .  -  v  . .)  X 

i  i  Z,  ij  ij  3 

j  =  l 


(C-  14) 


where 


X. 

J 


K. 

J 


n 


n 


(C-  15) 


and  X.  depends  on  the  order  of  the  reaction  and  M.  is  calculated  only  for 
dissociation- recombination  reactions, 

The  equilibrium  constant,  Kj,  is 

K.  =  e-*F/*T 

3  (C- 16) 

n  n 

af  =  y  f.v..  -  y  f. v! . 

A  1  !J  ^  11] 

i=  1  i= 1 

The  computer  program  considers  chemical  reactions  defined  by  the 
generalized  chemical  reaction  equation 


n 

y  v..M. 
ij  i 

i=l 


n 


i=  1 


(C-  17) 
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where  Vij  and^w^j  are  the  stoichiometric  coefficients  to  be  used  in  Equation 
(C-15)  while  Mi  represents  the  symbol  for  the  i^  chemical  species. 

th 

The  reaction  rates,  k j ,  for  the  j  reaction  appearing  in  Equa¬ 
tion  (C-15)  are  represented  in  the  Arrhenius  form 


k. 

J 


-n  (-b  /#T) 

a.T  J  e  J 
J 


(C-  18) 


where 

aj  is  the  pre-exponential  coefficient 

n.  is  temperature  dependence  of  the  pre-exponential  factor 

b.  is  the  activation  energy 
J 

Since  each  dissociation- recombination  reaction  has  a  distinct 
reaction  rate  associated  with  each  third  body,  the  net  production  rate  for 
each  dissociation- recombination  reaction  should  be  calculated  from 


n 

Vi 

k=l 


rather  than  Equation  (C-15).  However,  Benson  and  Fueno  (Reference  C-6) 
have  shown  theoretically  that  the  temperature-dependence  of  recombination 
rates  is  approximately  independent  of  the  third  body.  Assuming  that  the 
temperature  dependence  of  recombination  rates  is  independent  of  the  third 
body,  the  recombination  rate  associated  with  the  k^h  species  (third  body)  can 
be  represented  as 


K 


n  n 

v. . 
ij 

c.  J  -  p 


in 

J  i=i 


V'.. 

n  c » 

i=i  1 


ci  k  . 
k  kj 


(C-  19) 


-n.  -b./rfT 
a,  .T  J  e  J 

kj 


(C-20) 


where  only  the  constants  a^j  are  different  for  different  species  (third  bodies). 
From  Equation  (C-19)  it  can  be  shown  that 


n 

11  “I 

x.  = 

k.  n  <=:« .  P 

V  1 

n  c.  *3 

f  ii. 

.1 

3  i=l  1 

i=i  1 

[£iM  l\ 

-n.  -b./^T 

a.  .T  J  e  J 
kj 


(C-21) 
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Thus,  the  recombination  rates  associated  with  each  third  body  can  be 
considered  as  in  Equation  ( C -  15)  by  calculating  the  general  third  body  term 
Mj  as 


n 

M.  =  m..c.  (C-22) 

J  Zj  Ji  i 
i=l 

where  m..  is  the  ratio  a. ./a,  .  . 

Ji  iJ  kJ 

In  order  to  numerically  integrate  Equations  (C-l),  (C - 5 ) ,  (C-6), 
and  (C-l),  it  is  necessary  to  input  the  following  type  of  information  concern¬ 
ing  the  chemical  system: 


Boundary  Conditions: 

xq  initial  axial  position 
P  initial  pressure 
T  initial  temperature 


V  Initial  velocity 
o 


max 


final  axial  position 


P(x)  table  of  pressure  versus  axial  position 

dP(x)/dx  table  of  pressure  derivatives  versus  axial  position 
2 

Species  Information: 


M. 

i 

species 

name 

m. 

i 

species 

molecular  weight 

c  . 

pi 

(T) 

species 

spncific  heat 

h. 

i 

(T) 

species 

enthalpy 

f. 

i 

(T) 

specie  s 

free  energy 

'The  items  Cpi,  hj,  and  fj  are  not  available  directly  in  the  appropriate  units. 
The  computer  program  calculates  these  items  for  each  species  from  the 
JANAF  data  for:  Cp  vs  T 

-  H  ’  vs  T 
F  0  -  H  °  ^  7  o 
*  298 

—  - —  vs  T 


and 


T 

H, 


298 
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Reaction  Information: 


r 


n 

n 

S'  v..M. 

y  v!.m. 

ZL  ij  i 

lj  1 

i=l 

i=  1 

a.,  n.,  b. 

J  J  J 

m. . 

Ji 

each  reaction  must  be  input  in  terms  of  its 
stoichiometric  coefficients  and  constituent 
specie  s 

constants  defining  M,  the  reaction  rates 
third  body  reaction- rate  ratios 


Miscellaneous  Information: 


r*  normalization  factor  fo  r  x 


Mass,  Momentum,  Energy,  and  Species  Addition  Functions: 

m  (x)  mass  addition  rate,  per  unit  normalized  length,  per  unit  initial 
streamtube  mass  flux 

Momentum  flux,  per  unit  normalized  length,  per  unit  initial 
streamtube  mass  flux 

energy  addition  rate,  per  unit  normalized  length,  per  unit  initial 
streamtube  mass  flux 

species  mass  addition  rate,  per  unit  normalized  length,  per 
unit  initial  streamtube  mass  flux 

A  considerable  amount  of  data  (such  as  JANAF  tables  defining  Cpi, 
hj,  and  fi,  reaction  rate  parameters  and  cards  defining  chemical  reactions) 
are  available  with  the  computer  program,  Details  concerning  input  to  the 
computer  program  are  given  in  Subsection  C,  6. 


M  (x) 
H  (x) 
s.  (x) 


For  the  area  defined  option  including  mass,  energy,  and  momentum 
addition,  the  pressure  profile  is  obtained  by  an  iteration  to  obtain  the  pres¬ 


sure  profile  such  that 
convergence  criteria. 


A(x)  obtained  -  A(x)  input 
A(x)  input 


<e  where  e  is  an  input 


b.  Condensation  Equations 


Dropwise  condensation  of  a  single  gaseous  species  is  computed  from 
classical  liquid  drop  theory.  In  addition  to  the  assumptions  noted  above,  the 
condensation  analysis  assumes  the  following: 


1.  Condensed  phase  mass  is  uniformly  distributed, 

2.  Droplets  are  spherical. 

3.  Droplets  are  small  and  follow  gas  streamlines. 

4.  Volume  occupied  by  condensed  phase  is  small  compared  to  gas 
vol  ume. 
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Two  distinct  processes  are  treated,  nucleation  and  droplet  growth.  The 
nucleation  process  (spontaneous  self-nucleation)  occurs  in  the  expanding 
supersaturated  vapor  and  involves  the  clustering  of  vapor  molecules  to  give 
rise  to  very  small  nuclei  (radius  of  10  Lo  100  A).  Only  nuclei  reaching  the 
critical  drop  radius  r**  can  exist  and  grow.  Critical  drop  radius  is  given 
by  Frenkel  (Reference  C-7) 


r 


2  tr 


pT  R  T  In 
rL  v 


(C-23) 


The  nucleation  rate,  J,  represents  the  number  of  critical-size  nuclei  formed 
per  unit  volume  per  unit  time  and  is  calculated  from  the  expression  by 
Stever  (Reference  C-8) 


J  = 


(C- 24) 


Once  a  suitable  number  of  nuclei  are  formed  in  the  vapor,  the  process  of 
droplet  growth  accounts  for  the  actual  condensation.  Droplet  growth  occurs 
through  the  collision  of  vapor  molecules  and  stable  liquid  droplets. 

The  net  flux  of  vapor  to  the  droplet  surface  is  computed  from 
kinetic  theory  considerations  where  droplets  are  typically  smaller  than  the 
mean  free  path  of  the  gas.  The  droplet  growth  equation  of  Hill  (Refer¬ 
ence  C-9)  is  utilized 


whe  re 


dr 

dx 


1 


p  V  1/2 

L  (2ttRv) 


(P 


V 


(C-25) 


P 


_  pD 

PD  "  1/2 

D 


Droplet  temperature  is  assumed  to  be  that  of  the  saturated  vapor. 
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The  appropriate  mass,  momentum,  and  energy  addition  rates  are 
computed  internally  from  the  following  expressions 


dg 

m  =  --r2 

dx 

*  -v  +  E<i^ 


0  for  other  species 


Mass 


Momentum 


.  HVi ' 

H  =  (1  -  2g)  mh1  -  (1  +  m)  g  Energy 


Sj  -•  m,  i  =  condensing  species  Species 


The  rate-of-change  of  condensed-phase  mass  fraction,  dg/dx,  is  evaluated 
by  summing  the  mass  of  all  droplets  formed  upstream  of  a  specific  location, 
x,  as  follows 


4*PL 
PV  " 


4  r**(x)  J(x)  A"X^  + 
J  A 

o 


dr  f 

dx  J 


r(x,  £)2  J(|)  d| 

o 


(C-26) 


where  the  integral  is  replaced  by  a  summation  for  numerical  evaluation. 


C.  3  NUMERICAL  METHOD 

It  has  been  shown  (e.  g.  ,  Reference  C-10)  that  explicit  methods  of 
numerical  integration  are  unstable  when  applied  to  relaxation  equations  [such 
as  Equations  (C-l),  (C-5),  (C-6),  and  (C-7)],  unless  the  integration  step  size 
is  of  the  order  of  the  characteristic  relaxation  distance.  Since  in  the  near 
equilibrium  flow  regime  the  characteristic  relaxation  distance  is  typically 
many  orders  of  magnitude  smaller  than  characteristic  physical  dimensions 
of  the  system  of  interest,  the  use  of  explicit  methods  to  integrate  relaxation 
equations  often  results  in  excessively  long  computation  times.  An  implicit 
integration  method  which  is  inherently  stable  in  all  flow  situations  (whether 
near  equilibrium  or  frozen)  is  therefore  used  by  the  computer  program. 

With  this  method,  step  sizes  which  are  of  the  order  of  the  physical  dimen¬ 
sions  of  the  system  of  interest  can  be  used,  reducing  the  computation  time 
per  case  by  several  orders  of  magnitude  when  compared  with  conventional 
explicit  integration  methods. 

Consider  N  first-order  simultaneous  differential  equations 


~  f  •  (X,  y.,  .  .  .  ,  y,T) 


i  =  1,  2 . N 


(C-27) 
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with  known  partial  derivatives  (i.  e.  the  Jacobian  for  the  system) 


3f  . 


1 


(C- 


(C- 


The  following  implicit  difference  equations  are  used  by  the  computer  pro¬ 
gram  to  determine  the  y;  ,  (the  subscript  n  denotes  the  n^h  integration 
step) 


i,  n+ 1 


=  y 


i.  n 


+  k. 
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where 


k. 

i, 


n+1 


N 

f.  +  a.  h  +  y  (3.  .  k.  . 
l,  n  l,  n  ri,  J,  n  j,  n+1 
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.  h 
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for  the  initial  step  and  for  restart  (first  order). 


k. 

i, 


n+1 


1 
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k. 
i,  n 


+  2 


a .  h  + 
i.  n 
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.  .  k 

i,  .1,  n 


j.  n+1 
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(C 


3 

The  computer  program  uses  analytic  expressions  for  calculation  of  the 
partial  derivatives,  a.,  p... 


for  equal  steps  (second  order  with  h  =  previous  h) 


k. 

l, 


n+1 


lC-33) 


k.  +f.  +cl.  h  .  +  /  S.  .  k.  . 
i,n  i,n  i,n  n+1  i,j,n  j,n+l 

j=l 


hfr,hn+i+h„> 
n+  1 


for  unequal  steps  (2nd  order  with  h  i  previous  h) 

A  derivation  of  these  equations  is  given  in  Reference  C-2. 

If  the  flow  is  frozen,  the  explicit  form  of  the  above  equations  can  be 
used  (  i  -  0,  3 ij  =  0);  i.  e,  ,  Equations  (C-31),  (C-32),  and  (C-33)  are  each 
reduced  from  an  NXN  system  of  linear  simultaneous  equations  to  N  explicit 
equations  (N  =  3  +  number  of  species). 

Control  of  the  integration  step  size,  h,  is  provided  by  calculating 
estimates  for  the  truncation  error  and  comparing  these  to  an  input 
criterion,  6. 

The  step  size  is  halved  if  for  any  i  =  1,  2 . N 

E.  >  6 
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C.  4  PROGRAM  OVERLAY  STRUCTURE 
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C.  5  PROGRAM  SUBROUTINES 


This  section  contains  a  de sc ription  of  the  program  subroutines.  These 
descriptions  are  given  in  the  order  that  the  subroutines  appear— link  10 
through  50— on  the  overlay  chart  of  Subsection  C.4.  The  order  of  execution 
of  the  program  links  is  described  below. 

The  main  program  sets  up  master  limits  for  the  chemistry,  initializes 
certain  logical  control  variables,  and  calls  subroutine  DRIVER.  Subroutine 
DRIVER  provides  the  overall  logic  control  for  the  program. 

After  the  program  is  loaded,  LINK  10  is  executed  either  to  prepare  a 
master  tape  containing  JANAF  Thermochemical  Data  from  card  input  or  to 
summarize  the  current  master  file  used.  LINK  20  is  then  executed  to 
perform  program  input  and  species  selection  functions. 

LINK  30  is  then  executed  to  prepare  a  blocked  tape  of  packed  and 
converted  thermochemical  data  to  be  used  by  the  kinetic  calculation  links. 
LINK  41  is  then  executed  to  prepare  species  and  reaction  information, 
pressure  table  and  derivatives,  and  mass,  energy,  momentum,  and  species 
tables  for  the  kinetic  calculation.  LINK  42  is  executed  to  perform  the 
kinetic  expansion  and  condensation  computation. 

LINK  50  is  executed  to  prepare  plot  output  if  requested. 

a.  Main  Overlay 

(1)  Program  SCREEN 

This  subroutine  provides  overlay  communication,  defines  the 
labeled  common  blocks,  sets  maximum  limits  for  the  chemical  tables,  and 
initializes  certain  logical  control  variables.  It  calls  subroutine  DRIVER, 

(2)  Subroutine  DRIVER 

This  subroutine  performs  the  overall  logic  for  the  program. 

(3)  Subroutine  FIND 

Provides  indices  of  the  table  entries  which  bracket  the  value 
of  a  current  variable.  The  subroutine  saves  its  place  in  the  table. 

(4)  Subroutine  STOICC 

Provides  up  to  ten  reactants  indices  and  ten  product  indices 
from  the  master  stoichiometric  coefficient  table, 

(5)  Subroutine  AFQJ73C 

This  subroutine  provides  overlay  linkage  between  the  kinetic 
packing  link,  LINK  41  and  the  kinetic  expansion  computation  link,  LINK  42, 


378 


(6)  Subroutine  GTF 


heat  capacity 


(7) 


derivatives. 

y'n  and  y'n+i 

y"(x)  for  x  : 
1  '  '  n 


This  subroutine  computes  the  effective  gas  constant,  gaseous 
,  Y,  9Y/9T,  9Y/9C^  from  the  following  formulae: 


NSP 

R  =  I  C.  •  R. 
i=  1 

NSP 

cp  =  I  c.-  Cpi 

i=  1 


Y 


Cp 

Cp-R 


3Y 

9T 


NSP 


y  y  c. 

cp  A  1 


9Cp. 

9T 


9  Y 

ac. 


Y  •  (Y-l) 


R.  Cp. 

_ i_  i 

R  "  Cp 


i  =  1, 


NSP 


Subroutine  SPLN 

Performs  cubic  interpolation  for  a  function  and  its  first  two 
Given  function  values  yn  and  yn+i  and  first  derivative  values 
at  xn  and  xn+i,  this  subroutine  evaluates  y(x),  y'(x),  and 
=  x  <xn+1  using: 


y  =  A(x  -  xn)3  +  B(x  -  x^)2  +  C(x  -  xn)  +  D 
y'  =  3A(x  -  xn)2  +  2B(x  -  xn)  +  C 
y"  =  6A(x  -  xfi)  +  2B 
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whe  re : 


A  = 


(y'n+i  +  yVh  - 2k] 


B  =-72  •  |(y'nH  +  2y,n>  h  '  3k| 

h 


c  =  y« 


D  =  y 


h  =  x  .  .  -  x 
n+ 1  n 


k  =  yn+i  -  yn 


(8)  Subroutine  STF 

Using  the  SPLN  interpolation  subroutine,  this  subroutine 
computes  the  heat  capacity  and  its  temperature  derivatives,  enthalpy,  and 
free  energy,  at  the  current  temperature  for  all  gaseous  chemical  species, 

(9)  Subroutine  APPROX 

This  subroutine  provides  extension  of  the  thermochemical  data 
between  the  temperatures  9,  000  and  20,  000  0  R,  A  message  is  provided  each 
time  an  approximation  is  calculated.  The  approximation  formulae  are  given 
below  with  X  =  9,  000  °R: 


C 


P 


Hx  + 


AT 
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b.  LINK  10  Subroutines 

(1)  Subroutine  TTAPE 

This  subroutine  generates  a  master  JANAF  thermochemical 
tape  which  is  subsequently  utilized  by  Subroutine  STFSET.  The  tape  is 
written  in  the  binary  mode  with  the  thermodynamic  functions  in  caloric 
units.  The  thermodynamic  functions  for  each  species  include: 


Function 


Units 


C  0  cal/mole-0  K 

P 


H° 


k-cal/mole 


-  (F°  -  H°298) 

T 


cal/mole -°  K 


given  at  100°K  temperature  increments  over  the  range  100°K  to  5,  000°K, 
inclusive.  Reference  may  be  made  to  Subsection  C.  6,  the  Program  Users 
Manual,  for  a  complete  description  of  thermodynamic  input  format  and 
output  options. 

(2)  Subroutine  COLCUT 

Provides  columnar  output  of  species  names  for  those  species 
residing  on  the  master  thermo  file. 

c.  LINK  20  Subroutine 

(1)  Subroutine  ECNV 

This  subroutine  translates  a  BCD  string  of  characters,  into 
one  floating  point  numeric  value.  E,  I,  and  F  formats  are  permitted  with 
the  result  always  a  floating  point  number.  It  is  called  by  subroutine  SPRXIN 
to  decode  numeric  fields  in  the  species  and  reactions  cards, 

(2)  Subroutine  INPUT 

This  subroutine  performs  specific  case  input  for  the  program. 
It  performs  the  following  functions: 

1.  Variable  initialization  to  nominal  values. 

2.  Read  title  card. 

3.  Call  subroutine  SPRXIN  to  input  the  species  and  reactions  cards. 
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4,  Read  $PROPEL  namelist  for  case  input  data. 

5,  Check  input  mole  or  mass  fractions  for  unity  (±1.  OE-4). 

6,  Read  initial  conditions  and  pressure  table  from  Tape  8  when 
operated  in  automatic  mode. 

(3)  Subroutine  NUMBER 

This  subroutine  converts  a  one-character  BCD  number  to  a 
FORTRAN  integer  number.  It  is  called  by  subroutine  ECNV  to  decode  free 
field  numeric  data. 

(4)  Subroutine  SPRXIN 

This  subroutine  processes  the  species  and  reactions  cards. 
Species  symbols,  numeric  mass  or  mole  fractions,  symbolic  reactions,  and 
rate  parameters  are  processed.  Reference  may  be  made  to  Subsection  C.  6, 
the  Program  Use**s  Manual,  for  a  complete  description  of  input  requirements. 

d.  LINK  30  Subroutines 

(1)  Subroutine  STFSET 

This  subroutine  uses  the  master  JANAF  tape  written  by 
subroutine  TTAPE,  to  generate  a  species  thermal-function  tape  (KSTF)  in 
blocked  form  for  the  kinetic  calculations.  The  tabulated  functions  on  the 
master  tape  are: 


Cp’i 

H'. 

i 

F'. 


Function 


=  Cp° 


[H°  -  H°  29g]i 


H° 


298 


j  i 


Units 

cal /mole  -°  K 
kcal/ mole 

cal  /mole-0  K 
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7  For  the  kinetic  calculations  the  above  functions  must  be 

■  p  converted  to  the  ft/sec  °R  units  system  by  the  following: 


Internal 


Function 

Conver  sion 

Units 

Cp. 

[Cp.1  • 

R.  ]/ 1.  98726 

ft^/sec^  -°  R 

H. 

i 

(H'i  + 

AH °  F  j  R.  •  905.  770 

« 2,  2 
it  /sec 

F. 

i 

F'./l, 

98726 

unitless 

These  converted  functions  are  then  written  in  900  °R  temperature  blocks. 

The  free  energy  and  heat  capacity  derivatives  are  computed  using  the 
formulae  below  with  AT  =  180.  0. 

The  function  derivatives  are  computed  according  to  the  following 

formulae: 


(i  T  ' 

dT  U’  r 


4”1(i,  T2)  "  3  ’1]  (i,  T, )  1  (i,  T,) 


11  t\ 

r  i  3J 


2  •  AT 


0(i)T  +  AT)  "  ^(i,  T  -  AT) 

u,l  i:  t>  \  _  J _ J _ _ 


•Alt  (i  T 
dT  j 


2  •  AT 


lH  (i  t  \  = 
dT  '  ’  1  50 


3  n(i.T5(|)  -  4"’,<1.T49)  +1(i.  T48) 
2  ■  AT 


where  9^  may  be  species  heat  capacity  Cp1  or  free  energy  F\ 


e. 


LINK  41  Subroutines 


(1)  Subroutine  ADDFIT 

For  mass,  energy,  momentum  and  species  addition  functions, 
this  subroutine  calculates  addition  function  tables  and  their  derivatives  from 
the  input  tables  using  one  of  the  following  options: 

1.  Simple  diffe  rencing, 

2.  Spline  fit, 

3.  Input  derivative  tables. 

4.  Parabolic  fit. 

The  addition  functions  are  normalized,  modified  by  the  appro¬ 
priate  multiplicative  constants  if  required,  and  output  in  tabular  form. 

If  single  species  condensation  option  is  utilized,  addition 
functions  are  not  input  but  computed  internally.  No  operations  are  performed 
by  ADDFIT. 

(2)  Subroutine  CONVRT 

This  subroutine  converts  input  data  from  the  externally  input 
units  to  internally  used  computation  units.  In  order  to  conserve  computation 
time  during  the  kinetic  expansion,  parameters  such  as  molecular  weights 
are  included  in  these  conversions.  Primed  numbers  are  input  quantities. 

(a)  Dissociation— Recombination  Reaction  Rate  Ratio 
Input  units:  unitless 

Internal  units:  (Ibs-mass/lb-mole)  * 

Formula:  XMM.  .  =  XMM.  ./MW. 

J»  i  J.  1  1 

(b)  Pre-exponential  Reaction  Rate  Ratio 

Dissociation-  recombination  reactions 

Input  units:  cm,  °K,  g-mole,  sec 
3 

Internal  units:  ft  ,  °R,  lb-mole,  sec 

XN. 

A' .  •  (.  0 160 1 83)^  •  1.  8  J 

A.  =  _ _ _ 

J  n 

n  MW.v'ij 

l 

i=  1 

Where  n  depends  on  the  order  of  the  reaction. 
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and 


0.  0160183 


3.  531 


_ 1  tt-mass 

2.  2  •  10"^lb-mass 


-  5  3 
10  ft 


1  cm" 


(c) 


(d) 


Exponential  Term 
Input  units:  kcal/mole 
Inte  rnal  units  :  0  R 


Formula:  B.  =  B1.  •  905.  770 
J  J 


wh 


e  re 


905.  770  = 


1000  cal 


1 


1  kcal  1.  98726  cal/mole-  K 

Equilibrium  Constant  Multiplicative  Factor 
Input  units:  not  input 
Internal  units:  (lb-mass)  -  °R/ft 
Formula: 


1.  8°R 
1.  0°K 


n 

fl  MW.Vlj 

DATEF(J)  =  -  1=1 - 

Fl  MW. ^ 1J- 0.  73034 

l 

i=  1 

where 

0.73034  =  49,72  1.011  7^^1^1^. 

(lb -mole)-  R 

_ 1  atmos _ 

68,  059.  59  poundals/ft^ 


(e)  Heats  of  Reaction 

Input  units:  Kcal/mole  (via  heats  of  formation) 
Inte  rnal  units  :  °R 

Formula:  DELH(J)  -  DELH(J)'  •  905.770 
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(f)  Pressure 

Input  units :  PSIA 

2 

Internal  units:  poundals/ft 
Formula:  P  =  P'  •  4633.  056 
where 


4633. 056 


144  in 
2 

1  ft 


32.  174 


ft 


sec 


(3)  Subroutine  PACK1P 

On  the  basis  of  those  species  currently  being  considered,  this 
subroutine  packs  species  and  reaction  information  from  the  master  tables 
into  those  control  sections  utilized  by  the  kinetic  calculation  links. 

The  following  is  a  description  of  the  subroutine  functions: 

1.  The  reaction  rate  parameters  for  the  reactions  to  be  considered  are 
selected  from  tape  unit  KREAX. 

2.  The  symbolic  reactions  and  their  input  rate  parameters  are 
printed. 

3.  Reaction  mass  balance  is  checked  for  a  tolerance  of  ±1.  0  E-IO. 

4.  Heats  of  reaction  are  computed. 

(4)  Subroutine  PRES 

This  subroutine  provides  a  pressure  table  and  its  derivatives 
suitable  for  processing  by  the  kinetic  calculation  links.  For  a  normal  shock 
stagnation  streamline,  velocity  table  and  its  derivatives  are  provided  in  a 
form  suitable  for  processing  by  the  kinetic  calculation  links. 

(5)  Subroutine  SLP  (X,  Y,  N,  MFLAG,  YP,  Wl,  W2,  W3,  IF  LAG) 

The  purpose  of  this  subroutine  is  to  supply  derivatives  for  a 
tabulated  function.  The  end  point  derivatives  may  be  specified  or  are  calcu¬ 
lated  internally  by  parabolic  interpolation.  Interior  point  derivatives  may  be 
found  by  a  cubic  spline  fit  procedure. 

Calling  Sequence: 

X  is  a  table  of  independent  variables,  x. 

Y  is  a  table  of  the  dependent  variables,  y. 

N  is  the  number  of  entries  in  each  of  the  tables  X,  Y,  and 
YP.  i  =  1,  .  .  .  N 
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MFLAG  this  entry  is  a  flag,  m,  such  thaL 

m  >  0  implies  x  is  equally  spaced 

m  <  0  implies  x  is  not  equally  spaced 

|  m|  =  1  y'  will  be  continuous 

|  mj  =  2  y1  and  y"  will  be  continuous 

YP  is  a  table  of  the  derivative,  y.' 

Wl  working  storage  of  length  N 

W2  working  storage  of  length  N 

W3  working  storage  of  length  N 

IFLAG  this  entry  is  a  flag,  i,  such  that 

i  =  o  implies  value  for  YP(1)  and  YP(N)  will  be 

calculated  internally  by  parabolic  differencing 

i  =  1  implies  values  for  YP(1)  and  YP(N)  will  be 
input 

Method : 


The  cubic  spline  fit  procedure  utilizes  the  interpolation  formula 
given  within  the  description  of  subroutine  SPLN,  i.  e,  : 

y  =  A(x  -  x  )"^  +  B(x  -  x  )^  +  C(x  -  x  )  +  D 
1  '  o  '  o  o 

y'  =  3A(x  -  x  +  2B(x  -  x  )  +  C 
o  o 

y"  =  6 A(x  -  xq)  +  2B 


The  piecewise  cubic  fit  to  a  tubular  function  by  the  above  relations  will  yield 
a  discontinuity  in  the  second  derivative  y",  between  adjacent  fits  of: 


(2yl, +  4y> 


where 


h12  =  x2-x, 

k01  =  yl  '  y0 
k12  =  y2  -  yl 
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The  method  consists  of  setting  the  left-hand  side  of  the  above 
relation  equal  to  zero  so  that  the  second  derivative  is  continuous  across 
juncture  points.  As  applied  to  a  tabular  function,  the  above  procedure 
results  in  a  set  of  linear  simultaneous  equations  (tri-diagonal)  to  be  solved 
for  the  y'j,  provided  that  values  for  y1  at  the  end  points  are  known. 

(6)  Subroutine  TCALC 

This  is  a  dummy  subroutine  to  permit  the  user  to  generate  the 
addition  function  tables  using  his  own  supplied  subroutine.  It  must  be 
replaced  with  the  appropriate  TCALC  routine  and  used  in  conjunction  with 
the  IADDOP  =  2  option. 

f.  LINK  42  Subroutines 

This  link  contains  the  one  dimensional  kinetic  expansion 
subroutines. 


The  implicit  integration  method,  used  to  integrate  the  fluid  dynamic 
and  chemical  relaxation  equations,  requires  the  values  of  the  partial  deriva¬ 
tives  of  all  total  derivatives  with  respect  to  every  variable.  The  program 
will  generate  a  matrix  of  partial  derivatives  such  that  the  entry  in  the  n^1 
row  and  the  m^  column  is  the  partial  derivative  of  d  [n]/dx  with  respect  to 
m.  This  matrix  is  called  BETA(I,  J).  The  velocity,  density,  and  temperature- 
fluid  dynamic  variables  considered  for  every  case  reside  in  rows  1,  2,  and  3 
respectively.  The  chemical  species  occupy  rows  4  through  the  number  of 
species  plus  3.  The  following  notation  will  be  used  to  denote  partial 
derivatives : 


P(A,  B) 


9B 


To  facilitate  the  identification  of  program  variables  with  the  engi¬ 
neering  notation,  the  following  format  will  be  used  where  applicable: 

engineering  notation— prog  ram  variable— equation 

The  program  will  also  generate  a  matrix  which  will  be  solved  for 
the  variable  increments  for  each  integration  step.  This  matrix  will  expand 
or  contract,  depending  on  the  number  of  chemical  species  to  be  considered. 

The  total  derivatives  fj  and  partial  derivatives  have  been  sep¬ 
arated  into  two  components:  (1)  adiabatic  component  with  no  mass,  momen¬ 
tum,  or  species  addition,  and  (2)  addition  component  due  to  mass, 
momentum,  energy,  or  species  addition.  Subroutines  DERIV  and  FLU 
calculate  the  adiabatic  components  and  subroutine  ADDXXX  calculates  the 
addition  component.  When  no  mass,  momentum,  energy,  or  species  addition 
functions  are  input,  the  addition  component  calculations  are  bypassed. 

For  the  single  -  species  condensation  option,  subroutines  CONAD, 
VAPOR  and  DROPS  compute  the  mass,  momentum,  and  energy  addition 
functions  used  by  ADDXXX  to  calculate  addition  components. 
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(1)  Subroutine  DERIV 


This  subroutine  computes  the  adiabatic  components  of  total 
derivatives  f^  and  the  partial  derivatives  |3(i,  j)  for  the  chemical  relaxatio 
equations. 

Notation:  i  =  Species  subscript 

j  =  Reaction  subscript 
l  =  Total  number  of  chemical  reactions 
m  =  Number  of  dissociation- recombination  reactions 
n  =  Total  number  of  gaseous  species 

The  generalized  chemical  reaction  which  is  handled  by  this 
subroutine  is  defined  by: 


with: 


v. . 


The  reverse  reaction  rate  constant  is  defined  by  the  equation: 


k. 

J 


-XN. 

SK(J)  =  A.  '  T  J  •  exp  (-B./T) 
J  J 


The  net  production  rate  for  a  reaction  is  given  by: 


X. 

J 


X(J) 


•  k.  •  M. 
J  J 


whe  re  : 

X.  =  1  for  a  dissociation- recombination  reaction 


0  for  a  binary  exchange  reaction 


and 


The  equilibrium  constants  and  their  temperature  derivatives 
are  computed  only  for  dissociation- recombination  reactions;  those  quantities 
for  the  binary  exchange  reactions  are  computed  by  products  and  ratios  of 
the  dissociation- recombination  reaction  equilibrium  constants  and 
de  rivatives. 
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(2)  Subroutine  EF 


This  subroutine  computes  the  dissociation- recombination 
reaction  equilibrium  constants  and  their  temperature  derivatives  from  the 
following  formulae: 


K. 

3 


EK(  J) 


DATEF(J) 

T 


exp 


-AH. 

_ J 

T 


Ft.- 

1 


v. . 

U 


I 


Ft.  •  v1 . . 


DKT(J)  = 


K. 

J 

~T 


where : 


FT  =  species  free  energy  at  the  current  temperature 
HE  =  species  enthalpy  at  the  current  temperature 
AHj  =  heat  of  reaction  for  the  reaction 
DATEF(j)  =  is  discussed  in  Subsection  C.  5,  e(2) 

(3)  Subroutine  FLU 


This  subroutine  computes  the  adiabatic  component  of  the  total 
derivatives  fj  and  the  partial  derivatives  qj  and  P(i,  j)  for  the  fluid  dynamic 
equations.  Pressure  defined  fluid  dynamic  equations  are  used.  The  sum¬ 
mation  terms,  energy  exchange  term  B,  the  diabatic  heat  addition  term  A, 
the  Mach  number,  and  all  the  partial  derivatives  of  these  terms  are  com¬ 
puted.  The  pressure  and  its  derivatives  are  obtained  from  the  pressure 
table. 


For  a  stagnation  streamline  calculation,  the  pressure  deriva¬ 
tives  are  obtained  from  the  relationship: 


dP 

dx 


P- 


V 


d V 
dx 


where  V  and  dV/dx  are  defined  by  input  tables. 


Notes:  $(i,  f),  0=1,  2,  3  are  defined  under  Subroutine  DERIV 

*(i,  1).  =P(C.,  V);*(i,  2)  =  p(C.,  p);®(i,  3)  =  p(C.,  T) 
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The  following  relationships  may  be  helpful: 

dC.  r*  •  oj  .  •  R  •  T  dC.  w.r* 

f  ,  - i  •  f  =  - I - L  =  _2 - 

i  dx  ’  i  P  •  V  ’  dx  p.V 


Computation  of  the  Summation  Terms  and  their  derivatives: 
First  Summation 


SI 


8S1 

av 


asi 

aP 


asi 

9T 


asi 

ac. 


si 


DSl  V 


DS1R0 


DS1T 


DS1C(I) 


,  n  dC. 

=  1.  y  — i.  r 

R  dx  i 

=  4*  £  4  (i»  1 )  *  R. 

n  i=l  1 

=  i*  £  *(i.2)  •  R 

K  i=l  1 

=  jr  t  *(i.3C  R. 

K  i=l  1 


R  ' 

1,  . 


r  n 


.  . ,  NSP 


Second  Summation 

S2  S2 


1 

"  R  •  T 


n 


£ 

i=l 


as2 

av 


DS2V 


1 

R  •  T 


£  *(i.  1)  •  h. 

i=  1  1 
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DS2R0 


~r  •  £  2)  •  h 

i=  1 


DS2T 


.  T  '  £.  $(l’  3)  ‘  hi  +  dx  ‘  Cpi  T 

1=  1 


DS2C(1) 


n  p(C  ,  C  ).hi 

=  sr  Hr - 32  •  Ri 

J=1 

=  1,  .  .  . ,  NSP 


Computation  of  the  Energy  Exchange  Term  B  and  its  Derivatives: 


DBBV 


y-  1  .  9S2 

y  av 


DBBRO 


Y-l  .  _9S2 

y  ’  0p 


DBBT 


y-l  dS2 
y  ‘  OT 


DBBC(I) 


3S2  S2  .  ay 

ac.  v2  ac. 

l  Y  1 


,  NSP 


Computation  of  the  Diabatic  Heat  Addition  Term  A  and  its  Derivatives: 


=  SI-  B 


DA  AV 


asi  3B 

av  “  av 


393 


I 


9A 

-5p 

DAARO 

1 

col^- 

if 

3B 

9p 

3A 

DA  AT 

9S1 

3B 

9T 

9T 

9T 

9A 

3C. 

DAAC(l) 

9S1 
3C.  ‘ 

9B 

3C. 

i  =  1,  . 

.  .  ,  NSP 

i  i  1 


Computation  of  the  Mach  Number  and  its  Derivatives: 


M2 

XM2 

V 

Y  •  R  •  T 

3M2 

3V 

DM2  V 

2  •  M2 

V 

3M2 

9T 

DM2T 

2  2 

M^  M^ 

T  "  Y 

9M2 

gCj 

DM2C(I) 

1 

dV 

dx 

FNX(l) 

1  dP 

p  •  V  dx 

9[FNX(1)J 

AL(l) 

1  d2P 

3x 

P>V  dx2 

P(V,  V) 

BETA  (1,  1) 

1  dV 

‘  V  ’  dx 

P(V,p) 

BETA(  1,  2) 

_1_  _  dV 

P  dx 

1 . NSP 
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The  Gas  Density  derivatives  are  Computed: 


dp 

dx 

FNX(2) 

dP  1  A1 

P  dx  '  V-  P  AJ 

3[FNX(2)J 

8x 

AL(2) 

P  d2P  /  dP  \  2  1 

“  v.  P  .2  \ dx  /  P 

dx 

P(P.  V) 

BETA(2,  1) 

3A 

“  "  p  ’  av 

P(P»p) 

BETA(2,  2) 

1  _  dp  9A 

"  T  ’  dx  '  p  *  ap~ 

P(p.  T) 

BETA(2,  3) 

dA  p  dy  dP 

'  p  3T  _  2  3T  dx 

P  .v 

P(p,C.) 

BETA(2,  i+3) 

-  .  p  .  »V  .  dP  8A  t  =  1 

v2p  3C.  d*  OC. 

.  ,  NSP 

Gas  Temperature  derivatives  are  computed: 

dT 

dx 

FNX(3) 

=  T  •  1 2LzJL .  J_  .  dP_  B| 

1  y  P  dx  1 

9[FNX(3)] 

3x 

AL(3) 

/-I  T  d2P  /  dP  \2  1 

"  y  P  '  ,  2  "  \  dx  /  P 

dx 

P(T,  V) 

BETA(3,  1) 

_  t  .  9B 

av 

P(T,  p ) 

BETA(3,  2) 

m  3B 

=  ■  T  •  IT 
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P(T,  T) 


BETA(3,  3) 


P(T,  C.) 


BETA(3,  i+3 )  = 


i  = 


1  dT  1  dP  DV  T  OB 

T  ‘  dx  2  „  dx  3T  3T 

V  •  P 

T  1  dP  9V  OB 

v2  '  dx  '  9C.  “  3C . 

Y  .  P  ii 

1,  .  .  NSP 


For  an  adiabatic  area  defined  calculation,  the  total  deriva¬ 
tives  fj  and  the  partial  derivatives  a.[  and  /3 i j  for  the  fluid  dynamic  equations 
are  computed  using  the  following  area  defined  equations: 

The  area  ratio  and  its  derivatives  are  computed  from: 


=  Y 


.2 


da 

dx 


=  2  •  Y 


dV 

dx 


d!a 

dx2 


=  2 


Y^  + 

dx 


(£) 


2  2 

where  Y,  dY/dx,  d  Y/dx  are  computed  via  interpolation  in  the  table  of 
derivatives  of  the  input  wall  table  generated  in  Subroutine  SLP. 

The  Gas  Velocity  derivatives  are  computed: 


dV 

dx 


FNX(l) 


V  ,  1  da 

2  ,  a  dx 


M-  1 


9  [FNX(  1 )  J 
3x 


AL(1) 


V 


m2-i 


a 


d!a 

dx2 


a  \  dx  / 


P(V,  V) 


BETA(  1,  1) 


V 


d V 
dx 


M2-l 


dV 

dx 


9M 
9  V 


V 


m2-i 


9  A 
9V 
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P(V,  P)  BETA(1,2) 


V  DA 
Dp' 


M2-] 


(3(V,  T)  BETA(  1,3) 


1  dV  DM 


M2-!  dx  9T  M2-l 


V  DA 
DT 


P(v,  c.) 


BETA(1,  i+3)  =  -  — j —  •  “j2- 

M-l 


dV 

dx 


DM 

DC” 


V  DA 


MZ-1 


DC. 
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The  Gas  Density  derivatives  are  computed: 


dp 

dx 


FNX(Z) 


=  -P 


M 


M2-! 


(t-§-a)+a 


8[™ci2|)  AL(2) 


=  -P  ' 


M 


MZ-1 


a 


,2 

d  a 


dx 


--f— ) 

a  \  dx  / 


P(P.V)  BETA(2,  1)  =  P- 


L(M2-!)2 


DM 

DV" 


m2-i 


DA 

DV 


P(pi  P)  BETA(2,  2} 


_L  .  d£  .l  P  . 


P  dx  M2_j  Dp 


P(p.  T)  BETA(2,  3)  =  P- 


L(M2-1)2 

1  DA 


l _  .  /  1  da  _  A  ) 

. ,  2  \  a  dx  A  / 


DM 

DT 


i  9T 

M  -  1 
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(4)  Subroutine  ADDXXX 

This  subroutine  calculates  the  addition  component  of  the  total 
derivatives  and  the  partial  derivatives  ai  and  (3^  and  calculates  the  total 
and  partial  derivatives. 

The  addition  components  of  the  total  derivatives  are  presented 

below: 


dV  _  M  -  mV 

dx  add  1  +  m 


dC.  S.  -  mC. 

_ i  _  _i _ l 

dx  add  1  +  m 


(5)  Subroutine  IAUX1  (HL,  H,  QK,  RK,  JX) 


This  subroutine  performs  implicit  integration  according  to  the 
method  discussed  in  Subsection  C.3.  The  increments  for  the  chemical 
species  concentrations  and  the  fluid  dynamic  variables  at  the  forward  point 
are  calculated  by  solving  the  appropriate  set  of  nonhomogeneous  algebraic 
equations . 

The  calling  sequence  parameters  are: 

HL— last  integration  step  size 
H  —current  integration  step  size 
QK— last  increments  for  variables 


RK— computed  increments  for  variables 


JX—  1  initial  3  steps 

2  general  step 

3  special  step 

4  restart  step 

The  total  derivatives,  f^  n,  and  partial  derivatives,  p^  j  n  at 

the  back  point  are  calculated  in  subroutines  DERIV  and  FLU. 

The  special  step  calculation  is  used  only  in  halving  the  step 
size  if  required. 

After  each  integration  step,  subroutine  IAUX  obtains  the 
derivatives  at  the  then  current  axial  position. 

For  implicit  integration  the  equations  used  are: 

Initial  Step  and  Restart 


r  N 

=  f  +  a.  h  +  ^"  P:  •  o^i  1 
wi,  i  i,o  i,o  ^  h  )•  0  J» 

j=l 


General  Step 


i,  „+l  -T  \  n  +  2  '  (  £i.  n  +  %  nh  +  1  K  i-  "+1  ^ ' 


V. .  ^  if » ,  w-i 


Special  Step 


/■ 


k. 


i,  n+1 


n+1 


(2h„+l+hn) 


h 

n 


k. 

l,  n 


+ 


f.  +  >*.  h 

1,  n  1,  n  n+ 1 


N 


+  N  p.  .  k.  ,  •  t* — ~  /  h  .  +  h  ) 
Z,  i»  J>  n  j,  n+1  hn+i  \  n+1  n/ 

j=1 


(6)  Subroutine  IAUX  (HL,  H,  QK,  RK,  JX) 


This  subroutine  performs  the  iteration  for  the  area  defined, 
mass  energy,  momentum  addition  calculation.  If  the  problem  is  pressure 
defined  or  an  adiabatic-area-defined  calculation,  this  subroutine  merely 
calls  Subroutine  IAUX1  and  then  updates  the  derivatives  at  the  forward  point 
by  calling  Subroutine  DERIV. 

For  the  area  defined,  mass,  energy,  momentum  addition 
calculation,  the  iteration  proceeds  as  described  below. 

Prediction: 


dP 

dx 


R 


T 


_d£ 

dx 


+  R 


.p. 


dT 

dx 


where 


d£_  _ 

dx 


J_  da_ 
a  dx 


dT 

dx 


J_  da 
a  dx 


T  •  (V-  1) 


if 


0.99  <  <1.01, 
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then 


dP 

dx 


0. 005  •  -g- 


da 

dx 


0.0, 


then  dP/dx  from  the  previous 


step  is 


used  as  the  first  estimate. 


Iteration:  Subroutine  ITER  is  called  successively  to  use  the  secant  method 
to  provide  new  estimates  for  dP/dx  such  that 


f(A 


calc 


A. 


input 


<  € 


Convergence: 


Convergence  is  obtained  when 


calc 


A. 


input 


A 


input 


<  € 


and  the  pressure  at  the  forward  point  is  computed  from 


P  =  P. 
i+ 1  i  dx 


H 


(7)  ITER  (FI,  XI,  XNEW,  NCC) 

The  purpose  of  this  subroutine  is  to  find  the  root  or  zero  of  the 
algebraic  equation 


f(X)  =  0 


using  the  method  of 
is  de.s  igned  to  take 
find  the  root  of  the 


secant  or  false  position.  In  particular  this  subroutine 
advantage  of  the  fact  that  the  secant  method  will  always 
above  equation  if  the  root  has  been  spanned. 
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Calling  Sequence: 


FI  is  the  value  of  the  dependent  variable,  f, 

corresponding  to  the  value  of  XI.  (Input) 

XI  is  the  value  of  the  independent  variable,  X,  which 

corresponds  to  FI.  (Input) 

XNEW  is  the  predicted  or  new  value  of  the  independent  vari¬ 
able.  (Output) 

NQ)(#  is  a  flag  such  that 

N 00  =  -1  the  first  time  ITER  is  called.  (Input) 

N 00  +1  upon  subsequent  calls.  (Output) 

Restriction  s : 

The  user  is  expected  to  check  for  convergence  as  there  are  no 
internal  checks  made  in  ITER.  A  literal  must  not  be  input  to 
this  subroutine. 

Method : 

Subroutine  ITER  utilizes  the  secant  method  predictor  formula 

x,+i  ■  x,-‘i  -  (vh.iMvOi) 


where  the  subscript  L  refers  to  the  current  value  of  X  and  f 
except  for  the  first  iteration  in  which  the  value  of  X  is  per¬ 
turbed  only  slightly.  When  the  root  has  been  spanned,  the  sub¬ 
routine  saves  2  back  values  of  f  and  X  in  order  that  the  root 
may  always  be  straddled  and  thus  found.  The  linkage  to  the 
subroutine  is  set  up  so  that  if  bounds  on  the  root  are  known, 
then  the  value  of  XNEW  may  be  disregarded  and  bounded  values 
may  be  used  for  the  first  two  guesses.  This  type  of  linkage 
necessitates  that  the  value  of  XI  must  be  set  equal  to  XNEW  or 
the  bounded  value  of  X.  In  order  to  accelerate  convergence,  if 
the  error  within  the  bounded  domain  of  the  dependent  variable 
exceeds  a  ratio  of  10,  then  the  new  value  of  X  is  seL  equal  to 
one  half  of  the  range. 

(8)  Subroutine  INT 

Provides  control  for  the  impliciL  integration  procedure, 
determines  the  proper  set  of  nonhomogeneous  equations  to  solve,  and,  afle  r 


403 


ssaaaisifgi  «■  wb 


It 


each  integration  step,  computes  the  next  integration  step  size  according  to 
the  following  relations: 


h  y  =  2h  , 
n  +  2  n+1 


k.  .  -  2k.  Ik.  , 
1,  n+  1 _ i,  n  i,  n-  1 

3k.  -  k. 

i,  n+  1  i,  n 


10 


MAX 


h  =  —  h  , 
n  +  2  2  nil 


k.  ,  ,  -  2k.  +  k.  . 

i,  n+ 1 _ i,  n  i,  n-  1 

3k.  ,  -  k . 

i,  n+1  i,  n 


MAX 


n+ 2  n+1’  10 


k.  ,  -  2k.  +  k.  , 

i,  n+1  i,  n  i,  n-  1 


3k. 


i,  n+1  -  k. 


i,  n 


<  6 


MAX 


On  option,  (JF  1)  only  the  fluid  dynamic  variables  are  used  in 
determining  the  next  integration  step  size. 

If  the  step  size  is  halved  for  the  fourth  step,  the  integration  is 
restarting  using  one-half  the  original  step  size. 

The  correspondence  between  equation  number  and  physical 

prope  rty  is : 


Equation  Number 


P  rope  rty 


1 


Velocity  of  gas 


2 


Density  of  gas 


3 


Temperature  of  gas 


4  -  NSP +3 


Gaseous  species  mass  fraction 

(1  —  NSP)  corresponds  to  (4  — ■  NSP  +  3) 


(9)  Subroutine  LFSK(Y) 


This  subroutine  is  a  single  precision  linear  equation  solver 
which  is  used  to  perform  the  matrix  inversions  required  by  subroutine  IAUX, 
Gaussian  elimination  is  used  with  row  interchange  taking  place  to  position 
maximum  pivot  elements  after  the  rows  are  initially  scaled. 


i 


404 


(10)  Subroutine  MAIN 

Provides  overall  logic  control  lor  the  kinetic  calculations, 
controls  the  shock  calculation  for  both  generalized  oblique  shock  and  the 
normal  shock  for  the  stagnation  streamline,  and  prints  the  summary  for  the 
maximum  and  minimum  reaction  net  production  rates. 

The  normal  shock  calculation  equations  are  presented  below: 


P2  =  pi  vi  +pi  "  (Piv^v; 


2  2 
V  V 
1  2 


+  h . 


T2  ^  f(h2> 


2  R.  T, 


(11)  Subroutine  OUTPUT 

This  subroutine  provides  conversion  from  internal  computa¬ 
tional  units  to  output  engineering  units.  The  following  output  parameters  are 
computed  by  this  subroutine: 


The  pressure  (in  PSIA)  is  computed  from: 

P(PSIA)  =  P/4633. 056 

The  gaseous  species  mole  fractions  are  computed  from: 


C. 


i,  m 


R. 

_ i_ 

R 


C. 


The  gas  molecular  weight  is  computed  from: 

MW  =  49721.0 11  /R 
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The  percentage  mass  fraction  change  is  computed  from 


A(Mass  Fraction) 


100.  0 


C. 

1 


The  gas  heat  capacity  is  computed  from: 


Cp  (BTU/ LB-  °R)  =  3.9969  •  10 
6 


-5 


CP, 


The  gas  static  enthalpy  is  computed  from: 


H  ( BTII/LB) 


n 

3.9969.  10 

i=l 


C. 

i 


•  /h.  -  905.770  •  R.  •  AH ° 

(  i  i  F 


The  percentage  enthalpy  change  is  computed  from: 


aht 


HREF 


\vh  e  r  e 


NSP 

HREF  =  %  C. 

i=  1 


-  90  5.  770  •  R.  •  AH 

l 


evaluated  at  the  initial  onditions  in  Subroutine  C0NVRT. 
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The  real  gas  constant  and  frozen  gamma  [Subsection  C.  5f(2) 
(EF)]  the  enthalpy  in  internal  units,  the  kinetic  coupling  terms  A  and  B 
[Subsection  C.  5f(3)  (FLU)],  the  maximum  relative  error  [Subsection  C.  5t(8) 
(INT)],  and  the  species  concentrations  in  molecules  per  cc  are  also  output. 

(12)  Subroutine  OUTXXX 

This  subroutine  is  identical  except  in  name  to  subroutine  UTIL. 
It  is  used  during  the  iteration  for  0,  the  shock  angle,  during  a  generalized 
oblique  shock  calculation. 

(13)  Subroutine  PLTSUB 

This  subroutine  saves  the  current  values  of  the  variables 
requested  for  plotting  and  generates  the  proper  labels  and  formatting  for 
processing  by  subroutine  DSCPLT.  Plot  information  is  saved  on  logical 
unit  IPTAPE. 

(14)  Subroutine  PRNTCK 

^  For  the  option  to  print  starting  at  step  ND1,  printing  every 

ND3  step  up  to  step  ND2,  this  subroutine  checks  whether  or  not  the  cur¬ 
rent  step  should  be  printed.  If  it  is  to  be  printed  this  subroutine  calls 
OUTPUT. 

(15)  Subroutine  UTIL  (FI,  XI,  XNEW,  NOO) 

The  purpose  of  this  subroutine  is  to  find  the  root  or  zero  of  the 
algebraic  equation 

f(X)  =  0 

using  the  method  of  secant  or  false  position.  In  particular  this  subroutine 
is  designed  to  take  advantage  of  the  fact  that  the  secant  method  will  always 
find  the  root  of  the  above  equation  if  the  root  has  been  spanned. 

Calling  Sequence: 

FI  is  the  value  of  the  independent  variable,  f,  corre¬ 

sponding  to  the  value  of  XI.  (Input) 

XI  is  the  value  of  the  independent  variable,  X,  which 

corresponds  to  FI.  (Input) 

XNEW  is  the  predicted  or  new  value  of  the  independent  vari¬ 
able.  (Output) 

NOO  is  a  flag  such  that 

NOO  -1  the  first  time  ITER  is  called.  (Input) 
NOO  +1  upon  subsequence  calls.  (Output) 
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Restrictions  : 


The  user  is  expected  to  check  to.  convergence  as  there  are  no 
internal  checks  made  Hi  UTIL.  A  literal  must  not  be  input  to 
this  subroutine. 

Method : 

Subroutine  UTIL  utilizes  the  secant  method  predictor  formula 


X 


i+1 


X.-f. 
1  1 


X.-X.  /  f.-f. 

1  1-1  1  1-1 


where  the  subscript  i  refers  to  the  current  value  of  X  and  f 
except  for  the  first  iteration  in  which  the  value  of  X  is  per¬ 
turbed  only  slightly.  When  the  root  has  been  spanned  the  sub¬ 
routine  saves  2  back  values  of  f  and  X  in  order  that  the  root 
may  always  be  straddled  and  thus  found.  The  linkage  to  the 
subroutine  is  set  up  so  that  if  bounds  on  the  root  a^e  known, 
then  the  value  of  XNEW  may  be  disregarded  and  bounded  values 
may  be  used  for  the  first  two  guesses.  This  type  of  linkage 
necessitates  that  the  value  of  XI  must  be  set  equal  to  XNEW 
or  the  bounded  value  of  X.  In  order  to  accelerate  convergence, 
if  the  error  within  the  bounded  domain  of  the  dependent  variable 
exceeds  a  ratio  of  10,  then  the  new  value  of  X  is  set  equal  to 
one  half  of  the  range. 

(16)  Subroutine  SHOCK 

This  subroutine  calculates  the  downstream  oblique  shock 
conditions  for  an  arbitrary  pressure  rise.  The  chemistry  is  assumed  frozen 
across  the  shock.  The  method  used  is  an  iteration  on  the  shock  angle,  9, 
using  the  following: 


(i+1) 


Vj  sin 


(i) 
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V 


2 


2 


If  the  upstream  Mach  number  is  less  than  one,  no  shock 
calculation  is  possible  and  the  calculation  is  terminated  at  this  point. 

If  the  specifed  conditions  are  inconsistent,  i,e,,  if 


a  normal  shock  calculation  is  attempted  using  0  =  7r/2  and  no  iteration.  An 
error  message  is  provided  for  both  of  the  above  error  conditions, 

(17)  Subroutine  SCRX 

This  subroutine  screens  the  reaction  set  at  each  axial  station 
for  those  reactions  which  are  necessary  to  assure  a  relative  accuracy  for  a 
specified  chemical  species.  Summaries  of  an  ordered  set  of  those  reactions 
which  produce  and  those  reactions  which  destroy  the  specified  species,  along 
with  total  production  and  destruction  rates  are  provided. 

The  subroutine  screens  those  reactions  which  produce  or 
destroy  the  specified  species  and  retains  those  which  produce  or  destroy  the 
species  at  a  rate  greater  than  the  input  criterion  (a  percentage  of  the  total 
production  or  destruction  per  unit  normalized  length).  A  logical  vector  is 
generated  with  the  entry  TRUE  if  the  reaction  is  required  or  FALSE  if  the 
reaction  is  not  required. 

(18)  Subroutine  TREE  (L,  LIND,  N) 

The  purpose  of  this  subroutine  is  to  reorder  an  input  vector  L 
containing  N  components  so  that 

L(  1 )  <  L(2)  <....<  L(N). 

L  may  be  either  real  or  integer. 
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The  vector  LIND  must  be  input  as  a  vector  of  integers  1,  2, 

.  .  .  N.  The  vector  LIND  will  be  output  as  a  vector  containing  the  integer 

numbers  which  were  the  original  position  numbers  of  the  L  components. 

The  method  used  by  subroutine  TREE  is  described  by 
ALGORITHM  245,  TREE  SORT  3  by  Robert  W.  Floyd,  "Communications  of 
the  ACM,  "  December,  1964, 

(19)  Subroutine  CONAD 

This  subroutine  calculates  the  mass,  momentum,  energy,  and 
species  addition  functions  to  the  gas  phase  streamtube  resulting  from  the 
condensation  of  a  single  gaseous  species. 

Subroutine  VAPOR  is  called  at  each  integration  step  to  deter¬ 
mine  location  of  current  thermodynamic  state  relative  to  liquid-vapor  or 
solid-vapor  coexistence  line  on  the  pressure,  temperature  (P,  T)  surface. 

Once  condensing  vapor  becomes  saturated,  the  critical  droplet 
radius  and  nucleation  rate  are  computed.  The  addition  function  components 
are  not  calculated  until  the  nucleation  rate  surpasses  a  threshold  value 
EJMIN  (input  under  $PROPEL).  The  addition  functions  are  computed  from 
the  following : 


m  =  dg/dx 

M  =  mV  +  g  dp/dx 

H  =  ( 1  -  2g)  mh'  -  ( 1  +  f5)  g  ~ 
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(20)  Subroutine  VAPOR  (PV,  PVS,  DPVSDT,  TS,  IP,  JJ,  ISAT) 


This  routine  computes  for  a  specified  species  JJ  the  vapor 
pressure  (PV),  saturated  vapor  properties,  and  the  location  of  the  current 
state  with  respect  to  both  the  triple  point  and  the  liquid-vapor  or  solid-vapor 
coexistence  line.  Vapor  pressure  is  computed  from 


For  pressures  and  temperatures  above  the  triple  point,  the  saturated  vapor 
pressure  (PVS)  corresponding  to  temperature  T,  derivative  of  PVS  with 
respect  to  T,  and  saturated  vapor  temperature  (TS)  corresponding  to  pres¬ 
sure  P  are  obtained  from  expressions  of  the  form 

pvs  =  c1  +  c2/t  +  c3/t2 

TS  =  1.  /  [c4  +  C5  In  (PV)  -I  C6  In2  (PV) 

DPVSDT  =  -PVS  (C2  -  2.0  C^/T)  /  T2 

At  or  below  the  triple  point,  the  following  expressions  are  used 
PVS  =  exp  (Cg  -  C?/T) 

TS  =  C?/  Cg  -  In  (PV) 

DPVSDT  =  PVS  C?/T2 

where  the  constants  through  Cg  are  determined  from  data  and  are  input 
under  $PR<2)PEL.  P  reliminary  values  of  these  constants  for  water  vapor  are 
stored  internally  and  need  not  be  entered. 

The  additional  parameters  in  the  calling  statement  are 

IP  0  Current  state  corresponds  to  triple  point 

1  Above  triple  point 

2  Below  triple  point 
ISAT  0  Vapor  is  unsaturated 

1  Vapor  is  saturated 
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(2  1 )  Subroutine  DROPS 


This  subroutine  computes  liquid  droplet  properties  and  deriva¬ 
tives  as  a  function  of  temperature.  Above  the  trip'e  point,  latent  heat  and 
density  are  computed  from 


L  = 

A1  - 

a2t  -  a3  t 

P  = 

A4  - 

A5TD  +  A6TD 

(T  = 

A11 

A12TD 

At  or  below  the  triple  point,  the  following  are  used 


L  =  A?  -  AgT 


P  “  A9  A10TD 


o-  =  Au  -  A12Td 


First  and  second  derivatives  with  respect  to  temperature  are  obtained  by 
differentiating  the  above  expressions.  The  coefficients  Aj  through  A \2  are 
input  under  $PRQ)PEL.  Preliminary  values  of  these  constants  for  water 
vapor  are  stored  internally. 

g.  LINK  50  Subroutines 

(1)  Subroutine  LINK  50 

This  subroutine  reads  the  quantities  saved  for  plotting  from 
logical  unit  IPTAPE  into  the  proper  buffer  areas  and  calls  subroutine 
DSCPLT  for  the  actual  plotting. 

(2)  Subroutine  DSCPLT 

This  subroutine  is  a  generalized  plotting  routine  utilizing 
Calcomp  software  to  produce  plots.  It  requires  subroutines  SCAL  and 
MAX  MIN, 

(3)  Subroutine  MAX  MIN 

This  subroutine  finds  the  maximum  and  minimum  entries  in  an 

array. 
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(4)  Subroutine  SCAL(  XMAX,  XMIN,  XI,  DX,  XO,  XE) 


Given  the  maximum  and  minimum  of  a  variable  and  the  number 
of  units  (inches,  cm,  ,  etc.  )  available  for  plotting,  this  routine: 

1,  Determines  the  most  efficient  scale  per  plotting  unit  of  the  form 
1.  0*  10 a,  2.  0-  1 0 a,  5,  0-  10a  where  a  is  an  integer. 

2.  Adjusts  the  minimum  scale  value  so  that  th.e  plot  begins  at  a 
multiple  of  the  scale  value. 

Calling  Sequence: 

XMAX  the  maximum  value  of  the  variable  (input) 

XMIN  the  minimum  value  of  the  variable  (input) 

XI  -  the  number  of  units  (in.  ,  cm,  etc.  )  available  for 

plotting  (input) 

DX  =  the  scale  selected  for  the  plot  grid  (output) 

XO  =  the  first  plot  grid  value  (output) 

XE  -  the  last  plot  grid  value  (output) 

The  algorithm  used  is  given  below: 


W  = 


XM  AN- XMIN 


Then  select  s  =  1,  2,  or  5  such  that 


W  =  DX  is  a  minimum 


whe  re 


=  1+1 


°s(l) 


[A],  [A]  =  the  greatest  intege  r  strictly  less  than  A, 

e.  g.  1  l.  2]  =  1,  [0]  =  -1 


or 


B  =  [A  1  -  1  if  A  =  (  A)'  or  A  <  0 
C  =  s  10B 

D  .  p2ffi»|c 


or 


D  =  (I 

E  =  W/C 


XMIN 

C 


-1  )c  i 


if  C  •  D  >  XMIN 


and 


DX  =  C 
XO  =  D 
XE  =  E 


also 


if  W=0  then  DX=X0nXE=0 

C.  6  PROGRAM  USER'S  MANUAL 

This  program  was  developed  on  the  CDC  6500  computer  using  the 
FORTRAN  IV  language.  Conversion  to  another  computer  system  should  be 
straight  forward  provided  sufficient  core  storage  (135,  000  words)  is  avail¬ 
able.  Program  overlay  extends  three  levels  deep  including  the  executive 
level,  when  used  as  a  subprogram  to  CONTAM. 

The  description  of  the  operation  mode  and  input  to  the  computer  program 
is  divided  into  the  following  six  Subsections: 

C.  6.  1  OPERATION  MODE  — Automatic  or  manual. 

C.  6.  2  $THERM(?  — Namelist  input  which  controls  the  thermo¬ 
dynamic  data  input. 

C.  6.  3  THERMODYNAMIC  DAT  A -Optional. 
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C.  6,  4  TITLE  CARD— Also  serves  for  plot  labels. 

C.  6,  5  SPECIES  CARDS  — Species  to  be  considered  and  their 

initial  concentrations. 

C.  6.  6  REACTION  CA RDS— Input  of  reactions  and  rate  data. 

C.  6.  7  $PR(?PEL— Namelist  input  for  a  specific  case. 

Card  listings  for  the  complete  input  for  several  sample  cases  are  given 
in  Section  C.  7, 

a.  Ope  ration  Mode 

I  wo  modes  of  operation  (automatic  or  manual)  are  available  and 
specified  through  input  variable  KMCdDE  in  the  executive  program,  CONTAM. 

(1)  Manual  Mode  (KM0DE  =  1) 

In  the  manual  mode  of  operation  the  KINCON  subprogram  is 
independent  of  the  other  subprograms.  The  user  is  free  to  specify,  via  input 
data  (cards),  the  streamtube  initial  conditions,  boundary  conditions,  and  pro¬ 
gram  options.  A  complete  set  of  data  (inputs  described  in  Subsections  C.  6b 
through  C.6g)  is  required  for  each  streamtube  calculation.  However,  if  a 
specific  nozzle/ plume  streamtube,  generated  by  either  the  nozzle  or  plume 
portion  of  MULTRAN  is  desired;  subprogram  SL1NES  may  be  utilized  in  con¬ 
junction  with  MULTRAN  to  specify  initial  conditions  and  pressure  distribution 
while  operating  in  the  manual  mode.  The  variable  NSL,  which  specifies  the 
number  of  streamtubes  processed  by  subprogram  SLINES,  is  input  through 
either  the  executive  program  or  SLINES  and  is  tested  to  determine  if  input 
data  from  SLINES  via  TAPE  8  is  to  be  used  in  the  manual  mode  of  operation. 

If  NSL  =  0,  TAPE  8  will  not  be  read  and  all  data  must  be  input. 

If  NSL  /  0,  the  initial  values  (/.,  PI,  T,  V,  and  EXIT),  as  well 

as  the  streamtube  pressure  distribution  (NIB,  /. TB  (I),  and  PTB  (I))  are  read 
from  TAPE  8.  If  successive  cases  are  run,  TAPE  8  will  be  read  successively 
until  either  the  final  case  is  completed  or  the  number  of  streamtubes  on 

TAPE  8  is  exhausted.  It  should  be  noted  that  any  or  all  data  read  from 

Tape  8  may  be  overridden  by  card  input. 

(2)  Automatic  Mode  (KM0DE  =  0) 

The  automatic  mode  of  operation  is  designed  to  calculate  both 
chemical-kinetic  and  single-species  condensation  effects  (a  two-pass  calcu¬ 
lation  performed  in  that  order)  for  a  number  of  streamtubes  calculated  by 
M ULTRA N  and  S LINE  subprograms.  This  mode  requires  only  one  set  of 
input  data  and  is  utilized  in  conjunction  with  subprogram  SLINES  (or  a  TAPE  8 
previously  generated  by  S  LIN ES ). 
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In  the  automatic  mode,  KIN  CON  will  accept  input  data  describing 
initial  gas-phase  composition,  chemical  reaction  and  rate  coefficients,  and 
pertinent  integration  control  parameters  (described  in  Subsections  C.  6.  b 
through  C.6.g).  Initial  streamtube  conditions  and  pressure  distribution  are 
read  from  TAPE  8,  and  kinetics  calculation  is  then  performed  along  the 
pressure-defined  streamline.  During  the  kinetics  calculation  pass  the  vapor 
pressure  of  the  condensible  species  is  compared  with  the  saturated  vapor 
surface  to  determine  the  vapor  sLate.  Once  the  saturated  vapor  state  is 
reached,  the  streamtube  conditions  at  the  saturation  point  (location,  temper¬ 
ature,  pressure,  velocity,  and  species  composition)  are  written  onto  TAPE  1. 
The  streamtube  area  ratio,  referenced  to  the  saturation  point,  is  then  com¬ 
puted  and  written  on  TAPE  I  during  the  subsequent  integration. 

TAPE  1  thus  contains,  at  the  completion  of  the  kinetics  pass, 
the  initial  conditions  and  area  ratio  distribution  for  the  streamtube  beginning 
at  the  saturation  point. 

If  the  saturation  point  is  countered  on  the  kinetics  pass,  a  second 
pass  is  made  to  compute  condensation.  This  pass,  utilizing  TAPE  1  generated 
during  the  kinetics  pass,  invokes  frozen-chemistry  and  sing  le -  s pecies  con¬ 
densation  options  to  compute  condensation  effects  along  the  area  defined 
streamtube.  Following  the  completion  of  the  condensation  calculation,  initial 
conditions  for  the  next  streamtube  are  read  from  TAPE  8  and  the  calculation 
procedure  is  repeated  until  all  streamtubes  have  been  completed.  If  the 
saturation  point  is  not  reached  on  a  given  kinetics  pass,  the  condensation 
calculation  pass  is  not  performed  and  the  program  proceeds  to  the  next 
streamtube. 


Inputs  in  the  automatic  mode  consist  of  all  inputs  described  in 
Subsections  C.6.b  through  C.6.f  and  a  limited  number  of  inputs  in  $PROPEL, 
Inputs  required  in  $PROPEL  are  the  following: 

RSTAR  Axial  distance  normalizing  factor  (nozzle 

throat  radius) 

PRINT  VARIABLES  (ND1,  ND2,  ND3) 

INTEGRATION  VARIABLES  (III,  1 1  MIN,  l’MAX,  DEL,  JF) 

Inputs  that  are  available  but  not  required  include  MISCELLANE¬ 
OUS  VARIABLES  (except  IF  LAST),  INTERMEDIATE  OUTPUT  VARIABLES, 
and  certain  CONDENSATION  OPTION  VARIABLES. 

b.  $TIIERM0 

Permits  the  generation  of  a  master  thermodynamic  file  or  the  use 
of  a  tape  file  previously  generated  master  thermodynamic  file. 


417 


Va  riable 


NUCHEM 


MAXSP 


LIST 


LISTX 


IN  TAPE 


Value  Description 

1  A  master  thermodynamic  file  will  be  generated 

for  this  case  on  tape  unit  4.  Species  and  ther¬ 
modynamic  data  will  be  read  from  unit  INTAPE 
(nominal=5,  the  input  file)  and  a  new  thermo¬ 
dynamic  file  will  be  generated  on  unit  4.  The 
new  thermodynamic  file  will  be  end-filed  and 
rewound  after  generation. 

0  A  previously  generated  master  thermodynamic 

file  will  be  used  for  this  case.  The  master 
thermodynamic  file  must  be  file  TAPE  4.  No 
other  input  variables  are  required  for  this 
option. 

Input  If  a  master  thermodynamic  file  is  to  be  gener¬ 
ated  this  variable  specifies  the  number  of 
species  for  the  master  file. 

1  A  list  of  species  named  for  those  species 

master  file  will  be  output. 

0  This  output  will  be  deleted. 

1  Thermodynamic  functions  (CP,  H,  F)  will  be 

output  for  each  species  (one  page  per  species, 
52  lines  per  page).  Species  names,  molecular 
weights,  and  heats  of  formation  will  also  be 
printed. 

-1  Only  a  table  of  species  names,  molecular 

weights,  and  heats  of  formation  will  be 
printed. 

0  The  above  output  will  be  deleted. 

Input  Tape  file  from  which  thermodynamic  data  is 
to  l)e  read  (nominal  =5). 


SEND 

c.  Thermodynamic  Data 

For  a  NUCHEM  =  i  option  in  $THERM0  the  program  will  read 
MAXSP  Master  Species  cards  containing:  species  symbolic  identifier,  mol¬ 
ecular  weight,  and  AII°F2gg,  and  then  read  MAXSP  sets  of  thermodynamic 
data  (CP,  II,  F)  checking  names  and  card  sequences.  The  Master  Species 
cards  must  be  sequenced  sequentially  in  columns  41—50  (110  format)  and  must 
correspond  directly  to  the  order  in  which  the  thermodynamic  data  is  to  be 
read.  Thermodynamic  functions  consist  of  10  cards  per  function,  5  values 
per  card  corresponding  to  temperature  values  of  100  — •  5,  000°K  at  100°K 
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intervals.  Table  C-l  lists  the  species  for  which  thermodynamic  data  is 
currently  available.  For  species  which  do  not  appear  in  Table  C-l,  this  input 
may  be  obtained  directly  from  the  JANAF  tables.  Table  C-II  is  a  sample 
listing  of  the  thermodynamic  function  input  for  the  species  N2. 

Master  Species  Cards 


Column 

Information 

1 

-  10 

Not  used. 

11 

-  16 

Species  Symbolic  Identifier,  6  alphanumeric 
characters  (left  justified). 

17 

-  20 

Not  used. 

21 

-  30 

Species  molecular  weight  (F)  formal. 

31 

-  40 

Species  AH°i.'2gg  (F)  format,  1\  cals/mole. 

41 

-  50 

Right  justified  sequence  number  used  for  sequence 
checking  on  input  (110  format). 

51 

-  80 

Not  used. 

It  should  be  noted  that  a  species  is  identified  by  the  name  assigned  by 
the  user.  In  general  this  name  is  the  chemical  symbol,  e.g.,  O,  O2,  11,  1 1 2 - 
However,  it  may  be  useful  to  define  a  dummy  species  with  all  the  properties 
of  another  species  but  which  may  be  treated  in  a  special  manner,  e.g.,  the 
percentage  of  the  total  amount  of  a  species  which  is  designated  as  an  inert 
(possibly  to  simulate  incomplete  mixing  or  combustion).  This  may  be  done  by 
defining  species  O  and  OX  where  OX  is  identical  to  O  except  in  name,  but  does 
not  appear  in  any  reaction. 


Master  Thermodynamic  Function  Cards 
Column  Information 


1 


2 

- 

10 

11 

12 

- 

20 

21 

22 

- 

30 

31 

32 

- 

40 

41 

42 

- 

50 

5  1 

60 

61 

- 

66 

67 

- 

68 

69 

- 

70 

73 

- 

76 

77 

- 

78 

79 

- 

80 

Not  used. 

Function  value  at  (100  +  500  (n-1))  °K,  n  card 
number. 

Not  used. 

Function  value  at  (200  +  500  (n-1))  °K. 

Not  used. 

Function  value  at  (300  +  500  (n-1))  °K. 

Not  used. 

Function  value  at  (400  +  500  (n-1))  °K. 

Not  used. 

Function  value  at  (500  +  500  (n-1))  °K. 

Not  used. 

Species  symbolic  identifier,  left  justified. 

Not  used. 

Function  Definition  CP,  11,  or  F,  left  justified. 
The  word  CARD. 

Card  number  1-10  right  justified. 

Not  used. 


Species  symbolic  identifier,  function  definition,  and  card  numbers  are 
checked  for  consistency  on  input. 


419 


Table  C-I.  SPECIES  RESIDING  ON  MASTER  THERMODYNAMIC  TAPE 


1 

19 

SF4 

37 

RCL3 

? 

H? 

2u 

SF  6 

39 

PF 

3 

on 

21 

C 

39 

RF2 

4 

n? 

22 

40 

RF3 

t. 

0 

23 

CO 

41 

POOL 

i 

u 

24 

C2 

42 

POF 

1 

a’com 

25 

C« 

43 

BCLF 

0 

F  ? 

26 

Cl- 2 

44 

PCL2F 

9 

HF 

27 

CM3 

45 

PCLF? 

IP 

F 

2u 

CM 

46 

P 

11 

1  7 

29 

Cl 

!N) 

X 

47 

CL 

1? 

Mr> 

3>.’ 

CM 

48 

CL? 

13 

N  r 1  * 

?1 

X 

o 

y 

49 

N 

14 

n?- 

32 

B'i 

50 

HCL 

15 

D. 

33 

51 

clf 

16 

F. 

3  4 

B  P  2 

52 

CNCL 

17 

F. 

'5 

BCL 

53 

CNF 

1? 

c 

36 

8CL? 

54 

CF 

55 

C2F2 

73 

CM 

L. 

O 

U 

90 

alf 

56 

03 

74 

NO  3 

91 

ALF? 

57 

H02 

76 

MH 

92 

ALF3 

58 

N02- 

76 

NH2 

93 

ALOCL 

59 

N  A 

77 

MH3 

94 

AlOF 

60 

N  A  ♦ 

78 

BH 

95 

alclf 

61 

NAO 

79 

PH? 

96 

ALCL2F 

62 

CF2 

80 

PH3 

97 

ALCLF2 

63 

CF3 

81 

R2H6 

98 

0H- 

64 

CF4 

8? 

C2C2 

99 

CH20 

65 

C2F  4 

83 

P203 

100 

NA0H 

66 

N02 

84 

AL 

101 

NAH 

67 

M20 

85 

ALC 

102 

HZ2 

68 

HC0 

86 

AL20 

103 

HZ 

69 

HC0* 

87 

ALCL 

104 

OHX 

70 

C2H 

8« 

ALCL2 

105 

PHOTON 

71 

M30* 

89 

ALCL3 

106 

0Z 

72 

N?02 
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Table  C-II.  SAMPLE  LISTING  FOR  THERMODYNAMIC 
FUNCTION  CARDS  FOR  N2 


6,9560*.  6.9570, 

6,9610, 

6,991)0# 

7,0690# 

N2 

CP 

CAPD  3 

7,1960 

7,3500. 

7,5120, 

7 , 6  7 1)  0  # 

7.8150, 

M2 

CP 

card  ; 

7,9450 

8,0610. 

8, 1620, 

8.2520, 

8,3300, 

M2 

CP 

CAPD  ,2 

8,3980 

8,4580. 

8,5120, 

8,5590, 

8,6010, 

M2 

CP 

CARD  < 

8,6380 

8,6720. 

8,7030, 

8.7310, 

8,7560, 

M2 

CP 

CAPD  5 

8,7790 

9,8000. 

8,9200, 

8,8380, 

8 , 8550, 

N2 

CP 

CA9D  t 

8,8710 

9,8860  . 

8,9000, 

8.9140, 

0,9270, 

M2 

CP 

CARD  7 

8,9390 

9,9500. 

8,9620, 

8.9720, 

0,9830, 

M2 

CP 

CAPD  8 

8,9930 

9,0020, 

9,0120, 

9,0210, 

9 ,0300, 

M2 

CP 

CARD  9 

9,0390 

9,0480. 

9,0570, 

9,0660, 

9,0740, 

M2 

CP 

CARD10 

•1,3790 

",  6830 , 

,0130, 

,7100, 

1,4130, 

N2 

H 

CAPD  1 

•2,1250 

2,9530, 

3,5960, 

4.3550, 

5.1290,  ■ 

M2 

•  H 

CAPD  2 

5,9170 

6,7180. 

7,5290, 

8.3500, 

9,1790, 

M2 

H 

CARD  3 

10,0150 

10,8530. 

11,7070, 

12.5600, 

13,4180, 

M2 

H 

CARD  4 

14,2800 

15, 1460. 

16.0150, 

16,8860, 

17,7610, 

M2 

H 

CARD  5 

18,6380 

I?,5i70. 

20,3980, 

21,2800, 

22,1650, 

M2 

H 

CARD  6 

23,0510 

.  23,9390, 

24,9290, 

25,7190, 

26,6110, 

M2 

M 

CARD  7 

27,5050 

29,3990, 

29,2950, 

30,1910, 

31,0890, 

M2 

H 

CARD  8 

31,9880 

32,8880. 

33,7880,. 

34.6900, 

35,5930, 

M2 

H 

CARD  9 

36,4960 

37,4000. 

38,3060, 

39,2120, 

40,1190, 

M2 

H 

CARDIO 

51,9570 

46,4070. 

45,7700, 

46,0430, 

46,5610, 

M2 

F 

CARD  1 

47,1430 

47.7310, 

49,3030, 

49,8530, 

4  9. ,  5  7  H  0  , 

N2 

F 

CARD  2 

49,8790 

•50,3570, 

50,9130, 

51,2490, 

51,6653, 

M2 

F 

CARD  3 

52,0650 

52,4480, 

52,9160, 

53,1710. 

53,5130, 

M2 

F 

CARD  4 

53,8420 

54,1600. 

54,4600# 

54,7660# 

55,0550, 

M2 

F 

CAPD  5 

55,3350 

55,6060. 

55, 9700  « 

56,1270, 

56.3760, 

M2 

F 

CARD  6 

56,6190 

56,8560, 

57,0870, 

57,3120, 

57,5320, 

M2 

F 

CARD  7 

57,7470 

57,9570# 

56 , 1620  # 

58,3620, 

58 , 5  5  9  0 , 

N2 

F 

CARD  e 

58,7510 

58,9400. 

59,1240# 

59,3050, 

59,4820 , 

N2 

F 

CARD  9 

59,6570 

59.8270, 

59,9950, 

60,1600, 

6  0,3220., 

1 

M2 

F 

CARDIO 
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d.  Title  Card 


The  title  card  contains  free  field  information  which  will  be  written 
as  a  header  label  for  the  program  output.  The  first  40  characters  will  be 
written  as  a  label  on  each  plot  if  plotting  is  requested. 

e.  Species  Cards 

This  input  is  prefixed  by  a  single  card  with  SPECIES  in  columns  1  to 
7  and  with  the  words  MASS  FRACTIONS  or  M0.LE  FRACTIONS  in  columns 
9—22.  If  the  identifier  for  mass  or  mole  fractions  is  omitted,  mass  fractions 
are  assumed.  Up  to  40  species  cards  may  be  input.  Only  those  species 
specified  by  input  species  cards  will  be  considered.  The  order  of  the  input 
species  cards  is  independent  of  the  order  in  which  the  species  appear  on  the 
master  thermodynamic  data  file.  However,  the  order  of  the  input  species 
cards  does  define  the  species  order  for  the  specific  calculation,  and  other 
input  referencing  individual  species  must  refer  to  the  order  of  the  input 
species  cards.  Species  Cards  are  described  below: 


Column 


Function 


1  -  10 
11  -  16 
17  -  20 
21  -  60 

61  -  80 


Not  used. 

Symbol  (left  justified). 

Not  used. 

Value  of  initial  species  concentration  (if  zero  must 
be  input  as  0.  0)  free  field  F  or  E  format. 

User  identification  if  desired. 


Symbols  for  Species  Identification 

A  chemical  species  is  identified  symbolically  by  six  alphanumeric 
characters  as  follows: 


The  species  symbol  must  agree  with  that  given  on  its  master  species 
card  (columns  11—16)  used  in  generating  the  master  thermodynamic 
file.  If  the  species  is  ionized,  the  degree  of  ionization  is  indicated 
by  a  +  (or  -)  sign  followed  by  an  integer  describing  the  degree  of 
ionization  (if  no  integer  is  given  the  species  will  be  assumed  singly 
ionized).  The  species  symbol  may  not  contain  the  characters  *  or  =. 
The  special  species  symbol  PH0T0N  is  reserved  for  specifying 
radiative  reactions. 


Examples : 

Symbo  1 

CL 

NA4 

K+2 

CL2-2 

11202 


Inte  rpretation 

Cf 
NA  + 

K+  + 

err 

H202 
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f.  Reaction  Cards 


This  input  is  prefixed  by  a  single  card  with  REACTIONS  in  columns  1 
to  9.  Up  to  15  dissociation  reactions  and  a  total  150  reactions  may  be  input 
following  this  card.  Only  one  card  per  reaction  is  permitted.  Cards  specify¬ 
ing  dissociation- recombination  reactions  must  precede  cards  specifying 
exchange  reactions.  The  content  and  format  of  the  reaction  cards  are  defined 
as  follows: 

(1)  Each  card  is  divided  into  five  fields,  separated  by  commas. 

Each  field  contains: 

Field  1  the  reaction. 

Field  2  A  =  followed  by  the  value  of  A. 

Field  3  N  =  followed  by  the  value  of  N. 

Field  4  B  =  followed  by  the  value  of  B,  the  activation  energy 

(Kcal/ mole). 

Field  5  available  for  comments. 

Rules  for  specifying  the  reaction  are  given  in  C.  6.  e(2)  below.  The  values  A, 
N,  and  B  define  the  reverse  reaction  rate,  k,  as 

k  =  A  ■  T-N  •  e‘<B/RT> 

All  three  reaction  rate  parameters  must  be  input.  The  numeric  value  of  each 
parameter  may  be  specified  in  either  1,  F,  or  E  format.  If  E  format  is  used, 
the  E  must  appear  before  the  exponent. 

There  may  be  no  blanks  between  the  characters  A  and  equal  sign, 
the  N  and  equal  sign,  and  the  B  and  equal  sign. 

Input  rate  parameters  are  in  units  of  cc,  °K,  mole,  sec. 

(2)  The  general  form  of  a  reaction  is: 

N.^Symbol  +  N  _*Symbol.,  +  .  .  .  .  =N  ^Symbol  +  N,  ^Symbol,  +.  .  .  . 

where  the  left-hand  side  represents  reactants  and  the  right-hand  side  repre¬ 
sents  products. 

Each  symbol  must  be  as  defined  on  an  input  species  card  (see 
the  description  of  SPECIES  CARDS). 

The  multipliers,  N,  must  be  integers  and  represent  stoichio¬ 
metric  coefficients.  If  no  stoichiometric  coefficient  is  given,  the  value  1  is 
assumed. 

It  is  required  that 

nl  +  n2  + _  <10 
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and 


N  +  N.  +  . . . .  <10 
a  b 

Examples : 

Reaction  Interpretation 

NA  +  +  CL-  =  NACL  Na+  +  C?  =  NaCf 

B+2+M-2  =  BM  B++  +  M~-  =  BM 

BE+2+2*0H-  =  BE0H0H  Be  +  20H"  =  Be  (0H)Z 

(3)  The  dissociation— recombination  reactions  specifying  third-body 
terms  must  precede  other  types  of  reactions,  and  must  be  followed  by  the 
directive: 

Column  1 


END  TBR  REAX 

All  reactions  prior  to  the  above  directive  will  have  a  third-body  term  added 
to  each  side  of  the  reaction.  For  example: 

H2  =  H  +  H,  .  .  . 

END  TBR  REAX 
is  the  same  as 

h2  +  M  =  H  +  H  +  M,  .  .  . 

where  M  is  a  generalized  third  body.  Specific  third-body  effects  may  be 
included  by  inputting  specific  third-body  reaction  rate  ratios  XMM  (J,  I). 

(4)  Radiative  reactions  may  be  considered  using  the  special  species 
PH0T0N.  The  PI-I0T0N  may  only  appear  on  the  left-hand  side  of  the  equal 
sign  for  a  reaction. 

(5)  The  reaction  set  is  terminated  by  a  card  containing  LAST  CARD 
in  columns  1  to  9. 

g.  $  PR  0  PE  L 


Case  Variables  Units 


*Z  Initial  normalized  axial  position  None 

*PI  Initial  pressure  PSIA 

'  T  Initial  temperature  °R 

*V  Initial  velocity  ft/sec 

RSTAR  Axial  distance  normalizing  factor  (normally 

throat  radius  for  nozzle  calculations)  Inches 
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*EXIT  Normalized  axial  distance  for  run  termination  None 

N0CHEM  =  1  if  a  frozen  chemistry  case  is  desired  None 


Plot  Variables  (plotting  not  available  in  automatic  mode  of  operation) 


IFP  =  1 

ITP  =  1 

IR0P  =  1 

ICHEMP  (1)  = 

IXP  =  1 

MLP  =  1 

MSP  =  1 


Print  Variables 


Plotting  requested 
Plot  temperature 
Plot  density 

Species  numbers  for  desired  species  concen¬ 
tration  plots,  up  to  30  species 
Plot  functions  vs  normalized  distance 
Plot  species  M0LE  fractions 
Plot  species  MASS  fractions 


ND1  Print  every  ND3rc^  step  beginning  with  the  NDlsl  step 

ND2  until  the  ND2nc^  step.  (The  initial  conditions  and  the 

ND3  EXIT  point  are  always  printed.  ) 


Integration  Variables 


HI 

HMIN 

HMAX 

DEL 

JF 


Initial  normalized  step  size 
Minimum  normalized  step  size 
Maximum  normalized  step  size 
Relative  error  criterion 

=  0  all  variables  considered  for  step  size  control 
=  1  only  fluid  dynamic  variables  considered  for  step 
size  control. 

The  variable  which  controls  the  step  size;  i.  e.  ,  has  the 
maximum  relative  error;  is  printed  in  the  normal  output 
under  Integration  Parameters,  labeled  Governing  Equa¬ 
tion.  The  number:  variable  correspondence  is  as 
follows:  1  =  T;  2-RO;  3  =  V,  4=Spccics  1;  5-Species  2; 

.  .  .  NSP  +  3  =  Species  NSP. 


Table  Input  Variables 

*NTB  Number  of  input  table  entries  for  pressure  table  (101). 

JPFLAG  Determines  the  type  of  differentiation  used  to  obtain 
derivatives  for  all  input  tables.  Reference  should  be 
made  to  Mass,  Momentum,  Energy  and  Species  Addi¬ 
tion  Functions  for  other  input  tables  controlled  by 
JPFLAG. 


^Values  are  read  from  TAPE  8  and  need  not  be  input  when  operated  in  auto¬ 
matic  mode  (KM0DE  =  0)  or  in  a  manual  mode  (KM0DE  1)  and  using 
streamtube  data  from  TAPE  8  (NSL  /  0).  If  input,  they  will  override 
TAPE  8  values  for  first  streamtube  only. 
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-  1  derivatives  of  input  table  obtained  by  simple 
difference  formulae  with  second  derivatives  defined 
as  0.  Normally  used  in  automatic  mode. 

=  2  derivatives  of  input  tables  obtained  by  SPLINE 
fit  (NTB  S  20). 


3  derivatives  input  along  with  tables. 

-  4  derivatives  of  input  tables  obtained  by  parabolic 
differentiation  (NTB  £  20). 


'PSCALE  =  Multiplicative  constant  for  the  input  pressure  table. 

B  (l)  =  Normalized  axial  positions  for  input  tabular  values 

for  pressure  table  (always  input). 

;':PTB  (1)  =  Pressure  table  (PSIA)  (always  input). 

::DPTB  (l)  =  Pressure  table  derivative  (for  JPFLAG  =  3  option). 

Miscellaneous  Variables 


XMM  (J,I)  Reaction  rate  ratio  effect  on  reaction  J  of  species  I. 

TU  (1)  Temperature  above  which  approximate  extension  of 

JANAF  tables  will  occur  for  each  species  (nominal  = 
9,  000  °R). 


IFLAST  For  overlay  reasons  must  be  set  =  1  on  the  last  case 

of  a  run. 


TST0P 


Time  at  which  a  run  will  arbitrarily  be  terminated 
(CP  time).  Ignore  in  automatic  mode. 


Intermediate  Output 


IDQDX 


Print  total  derivatives. 


IDXJDX 

IEQ0UT 

IRATE 


1  Print  individual  reaction  net  production  rates. 

I  Print  equilibrium  c  nstant  and  its  temperature 

dependence  in  internal  units. 

I  Print  reaction  forward  and  reverse  rates  in 

internal  units. 


Values  are  read  from  TAPE  8  and  need  not  be  input  when  operated  in  auto- 
matic  mode  (KMC0DE  0)  or  in  a  manual  mode  (KM0DE  =  l)  and  using 
streamtube  data  from  TAPE  8  (NSL  /  0).  If  input,  they  will  override 
TAPE  8  values  for  first  streamtube  only. 
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IMASDX 


1 


I0PXF  =  1 

I0PVAR  (1) 


K 

1 

2 

3 

4 


For  an  IADDF  -  1  option  print  chemical  and 
addition  function  components  of  total 
derivatives. 

Print  influence  coefficient  vectors. 

=  Set  consecutive  entries  equal  to  K  for  vari¬ 
ables  for  which  influence  coefficient  vectors 
are  to  be  outpu  ,  where 

Variable 

V 

R<2> 

T 

Species  number  1 


NS  P+3 


Species  number  NSP 


For  example:  I0PVAR(1)  -  4,  3,  will  output  influence  coefficient 
vectors  for  species  number  1  and  for  temperature. 

Mass,  Momentum,  Energy,  and  Species  Addition  Functions 


Variable 
IADDF  =  1 

IX  TB 

IADD0P  =  0 

=  1 

=  2 


XADSCL 


ADDX  (I) 


Addition  functions  will  be  input. 

Number  of  entries  in  addition  function 
tables  £  40. 

Addition  functions  input  via  tables. 

Addition  functions  defined  via  multiplicative 
factors.  See  EFACT  (I),  XMFACT  (I), 
SPFACT  (I,  J)  below.  Note  that  IXTB  factors 
must  be  input, 

A  subroutine  for  addition  calculation  will  be 
supplied  by  the  user. 

Multiplicative  scale  factor  for  all  addition 
functions.  Note  that  input  of  XADSCL  as 
1.  0/(p.  V.  A)  will  provide  automatic  nor¬ 
malization  (per  unit  initial  stroamlube  mass 
flux)  for  input  addition  functions. 

Table  of  normalized  axial  stations  for  all 
input  addition  functions. 
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ADDMAS  (I)  = 

ADDE  (I) 

ADDEX  (I) 


ADDM0M  (1)  = 

NP0INT  (I) 

NSPADD 
AD  DSP  (I,  J  )  = 


EFACT  (I) 
XMFACT  (1) 
SPFAC'I  (l,  J) 
IIIT0TF  1 

1 1 T0TX 


Mass  addition  rate,  per  unit  normalized  length, 
per  unit  initial  streamtube  mass  flux  (unitless). 

Energy  addition  rate,  per  unit  normalized 
length,  per  unit  initial  streamtube  mass  flux 
(BTU/lb). 

Auxiliary  energy  addition  rate,  per  unit  nor¬ 
malized  length,  per  unit  initial  streamtube 
mass  flux  (BTU/lb)  which  will  be  added  to  the 
energy  addition  rate  ADDE  (I).  Note  that 
ADDEX  (I)  is  independent  of  EFACT  (I)  for 
IADD0P  =  1  option  and  will  be  added  to  ADDE  (I) 
before  modification  by  XADSCL. 

Momentum  flux,  per  unit  normalized  length, 
per  unit  initial  streamtube  mass  flux  (ft/sec). 

Species  number  (for  current  case)  to  relate 
species  addition  functions  to  specific  species. 
See  example  under  ADDSP  (I,  J). 

Number  of  entries  in  NP0INT  (I)  table. 

Species  mass  addition  rate  per  unit  normalized 
length,  per  unit  initial  streamtube  mass  flux 
(unities  s ). 

1=1,  .  .  .  IXTB  corresponding  to  number  of 
entries 

J=l,  .  .  .  NSPADD 

e.  g.  ,  NSPADD  =  2 

NP0INT  “3,5 

ADDSP  (1,  1)  corresponds  to  Species  3 
ADDSP  (I,  2)  corresponds  to  Species  5 

For  1ADDOP  =  1,  ADDE  (I)  computed  as 
A  DDMAS(O)  -EFACT (I). 

For  IADD0P  1,  ADDM0M  (I)  computed  as 
ADDMAS  (I)  -XMFACT  (1). 

For  1ADD0P  =  1,  ADDSP  (I,  J)  computed  as 
ADDMAS  (1)  -SPFACT  (1,  J). 

Restart  flag  indicating  that  a  case  is  being 
restarted  and  directing  the  initial  enthalpy  to 
be  II  TO  I  X. 

Initial  enthalpy  if  a  case  has  been  restarted 
(ft2/ sec2). 
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DMASDX  (I)  =  For  JPFLAG  =  3  option,  derivative  of  the 

mass  addition  rate  d(ADDMAS)/dx. 


DEDXT  (I)  =  For  JPFLAG  =  3  option,  derivative  of  the 

total  energy  addition  rate  d(ADDE+ADDEX)/dx. 

DM0MDX  (I)  =  For  JPFLAG  =  3  option,  derivative  of  the 

momentum  addition  rate  d(ADDM0M)/dx. 


DSP DX  (I,  J)  -  For  JPFLAG  =  3  option,  derivative  of  the 

species  addition  rate  d(ADDSP)/dx. 

Generalized  Oblique  Shock  Calculation 


A  generalized  oblique  shock  calculation  is  specified  by  input  of  a 
pressure  table  containing  a  pressure  discontinuity,  and  a  pointer 
designating  the  shock  location. 


UNITS 

NSH0CK  =  Pointer  designating  the  last  entry  None 

in  the  pressure  table  prior  to  the 
shock.  For  example: 

P2  PTB  (NSII0CK+1) 

Pj  "  PTB  (NSH0CK) 

Entries  NSH0CK  and  NSH0CK+1  in 
the  pressure  table  must  have  the 
same  axial  position. 

SHKBUG  =  1.0  provides  intermediate  output.  None 

0.  0  provides  no  intermediate  output. 

SMAXIT  =  Maximum  number  of  iterations  None 

during  a  generalized  oblique  shock 
calculation. 

SKEPS(l)  =  Relative  convergence  criterion  for  None 

temperature  iteration  during  a 
generalized  oblique  shock 
calculation. 

SKEPS(2)  =  Relative  convergence  criterion  for  None 

overall  iteration  during  a  general¬ 
ized  oblique  shock  calculation. 
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Normal  Shock  Stagnation  Streamline  Calculation 


« 


The  normal  shock  stagnation  streamline  calculation  option  performs 
a  normal  shock  calculation  from  specified  upstream  and  downstream 
velocities  and  continues  the  calculation  as  a  velocity  defined 
st  reamtube. 

UNITS 

NSTAGV  1  specifies  a  normal  shock  stagnation  None 

streamline  calculation. 


VELl 


Upstream  velocity  for  the  normal 
shock  calculation. 


VTB(l)  Array  defining  the  velocity  as  a 

function  of  normalized  axial 
distance.  VTB(l)  is  defined  as 
the  downstream  velocity  for  the 
normal  shock  calculation. 

NVTB  -  Number  of  entries  in  the  velocity 

profile  NVTB  <101. 


Reaction  Screening  Input  Variables 


ft  /sec 


ft  /  sec 


None 


If  a  reaction  screening  calculation  is  requested,  the  program 
performs  a  two-pass  calculation.  The  first  pass  utilizes  the 
complete  reaction  set  and  determines  those  reactions  which  must 
be  retained  to  satisfy  the  input  criteria  for  each  species  screened. 
The  second  pass  redoes  the  first  calculation  with  an  edited  reaction 
set  and  provides  a  summary  page  comparing  both  calculations. 


UNITS 

ISCRF  1,  specifies  a  reaction  screening  None 

case  for  ISCSP  (I)  species. 

ISCSP(l)  Species  number  for  those  species  None 

to  be  screened  <40. 


EPSCR(l) 


ISC  BUG 


Relative  retention  criterion  for  each  None 
species  to  be  screened.  Defined  as 
the  maximum  change  in  mass 
fraction  relative  to  production  or 
destruction  of  the  species  per  unit 
normalized  length  for  all  reactions 
involving  the  corresponding 
species  <40, 

1,  provides  intermediate  output  None 

during  the  reaction  screening 
procedure. 


<  & 
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Area  Defined  Option  Input 


Area  Defined  Calculation  With  Mass,  Energy  or  Momentum  Addition 


ITAREA 

= 

Input  maximum  number  of  iterations  for  area 
ratio  calculation.  A  nonzero  value  for 

ITAREA  triggers  the  area  ratio  iteration 
logic.  After  maximum  iterations,  the  pro¬ 
gram  outputs  an  error  message,  accepts  the 
most  recent  values,  and  continues. 

ABAR(l) 

= 

Area  ratio  table  (A/A0). 

XARTAB(l) 

= 

Normalized  axial  coordinates  for  the  input 
area  ratio  table. 

DABARX(l) 

= 

Derivative  with  respect  to  normalized  axial 
distance  of  the  input  area  ratio  table  (if  input 
derivative  option  used). 

NPATAB 

= 

Number  of  entries  in  area  ratio  table  <40. 

ICALDA 

= 

0  derivative  of  area  ratio  table  controlled  by 
JPFLAG. 

= 

1,  2,  3,  4  replaces  JPFLAG  control  for  area 
ratio  table  ONLY. 

A  REPS 

Relative  convergence  criterion  for  area  ratio 
iteration. 

Single  Species 

Condensation  Option 

Condensation  calculations  require  the  use  of  both  the  mass,  momen¬ 
tum,  and  energy  addition  option  and  the  area-defined  streamtube 
option.  The  pertinent  parameters  for  these  options  are  included 
below: 


*IADDF  =  1 

Addition  function  option  will  be 

utilized. 

*IADDQ)P  =  3 

Single  species  condensation  routines  will 
provide  addition  functions. 

*ITAREA 

Maximum  number  of  iterations 
calculation. 

for  area  ratio 

*XARTAB(  1) 

Normalized  axial  coordinate  fo 
ratio  table. 

r  input  area 

*ABAR(1) 

Area  ratio  table  (A/Aq), 

^Values  for  these  variables  are  calculated  internally  when  operated  in 
automatic  mode  (KMODE  =  0)  and  need  not  be  input. 
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*NPATAB  =  Number  of  entries  in  area  ratio  table  <40, 


'-':DABARX  (1)  Derivative  with  respect  to  normalized  axial 

distance  of  input  area  ratio  table  (if  input 
derivative  option  used). 

A  REPS  =  Relative  convergence  criterion  for  area 

ratio  iteration. 

*N0CHEM  -  1  Frozen  chemistry  option  is  utilized. 

IC0ND  =  Number  signifying  the  location  of  condensing 

species  with  respect  to  the  species  input 
o  rde  r. 


The  following  inputs  describe  the  vapor /liquid  properties.  A  pre¬ 
liminary  set  of  constants  for  water  is  stored  internally  and  will  be 
used  if  the  following  inputs  are  ignored.  If  improved  values  for 
water  are  available  or  if  a  different  condensing  species  is  being 
considered,  some  or  all  of  the  following  may  be  input: 


TLIM 


EJMIN 


ETA 


PC0NST  (I) 


Limiting  temperature  for  saturated  vapor 
test.  State  of  condensible  vapor  will  not  be 
tested  above  TLIM  (units  =  °R). 

Threshold  value  for  nucleation  rate  below 
which  condensation  effects  will  not  be 
computed  (units  =  l/ft^-sec). 

Condensation  (or  sticking)  coefficient  for 
water  vapor /liquid. 

Array  of  constants  utilized  in  describing 
vapor  state  (see  subroutine  VAPOR). 


P CONST 

(1) 

C1 

(atm) 

P  CONST 

(2) 

=  C2 

(atm  -  °R) 

P CONST 

(3) 

=  C3 

(atm  -  (°R)2) 

P  CONST 

(4) 

=  C4 

(1/  °R) 

P  CONST 

(5) 

=  C5 

( 1  /  0  R) 

P CONST 

(6) 

=  C6 

(1/°R) 

P  CONST 

(7) 

-  C7 

(°R) 

P CONST 

(8) 

C8 

(-) 

Values  for  these  variables  are  calculated  internally  when  operated  in 
automatic  mode  (KM0DE  0)  and  need  not  be  input. 
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PC0NST  (9)  =  Triple  point  pressure 

(poundal/ft^) 

PC0NST  (10)  =  Triple  point  temperature 

(°R) 

DC0NST  (I)  =  Array  of  constants  utilized  in  describing 

liquid  droplet  properties  (see  Subroutine 
DR0PS) 


DC0NST  (1) 

= 

A1 

(BTU/lb) 

DC0NST  (2) 

= 

A2 

(BTU/lb)-  °R) 

DC0NST  (3) 

= 

A3 

(BTU/lb)-°R2) 

DC0NST  (4) 

r 

A4 

(lb /ft3) 

DC0NST  (5) 

= 

A5 

(lb /ft3)  -  0 R) 

DC0NST  (6) 

= 

A6 

(lb /ft3  -°R2) 

DC0NST  (7) 

= 

A7 

(BTU/lb) 

DC0NST  (8) 

= 

A8 

(BTU/lb  -  0 R) 

DC0NST  (9) 

= 

A9 

(lb /ft3) 

DC0NST  (10) 

r 

A10 

(lb /ft3  -  °  R) 

DC0NST  (11) 

= 

A11 

(Poundal/ft) 

DC0NST  (12) 

= 

A 12 

(Poundal/ft  -  °R) 

DC0NST  (13) 

= 

Condensed  phase  heat 
capacity  (BTU/lb  -  °R) 
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C.  7  SAMPLE  CASES 


A  sample  case  illustrating  the  abilities  of  the  KIN  CON  program  as  a 
subprogram  to  CONTAM  has  been  presented  in  the  program  description  of 
CONTAM,  Section  7.  0,  In  this  mode,  the  KINCON  program  analyzes  the 
nonequilib r ium  chemical  kinetics  and  condensation  of  plume  species  for 
prediction  of  contamination  effects  on  bodies  submerged  in  bipropellant 
plumes.  Several  additional  KINCON  program  options  are  available  when 
run  in  the  manual  mode  as  an  independent  program.  Sample  cases  are 
included  in  this  appendix  to  illustrate  these  options. 

a.  Reaction- Rate  Screening  Case 

Computer  input  card  listing  and  selected  output  for  the  rate  screen¬ 
ing  of  pure-air  chemistry  system  are  presented  in  Tables  C-III  through  C-V. 
The  original  system  consists  of  a  set  of  14  species  and  37  reactions  as  pre¬ 
sented  in  the  card-image  listing  in  Table  C-III.  The  complete  reaction  set 
is  utilized  on  the  first  calculation  pass.  Those  reactions  which  must  be 
retained  to  satisfy  the  input  criteria  for  each  species  screened  are  deter¬ 
mined.  A  second  pass  recomputes  the  case  using  the  edited  reaction  set 
and  provides  a  summary  page  comparing  both  results. 

Output  for  a  rate- screening  case  differs  from  a  standard  kinetics 
run  only  by  the  addition  of  intermediate  reaction- rate  printout  for  each 
screened  species  at  each  output  station  and  a  summary  page  comparing  the 
results  of  the  original  and  edited  reaction  sets.  Table  C-IV  contains  the 
reaction  rate  output  for  screened  species  E-(electron)  at  axial  position  20.  0. 

A  similar  page  is  output  for  each  remaining  screened  species.  The  sum¬ 
mary  page  is  included  in  Table  C-Y. 

b.  Oblique  Shock  Case 

Card  image  listing  for  an  oblique  shock  calculation  in  air  is  included 
in  Table  C-VI.  A  discontinuity  in  the  input  pressure  table  identifies  the 
shock  location  as  shown  in  pressure  table  output,  Table  C-VII.  Results  of 
the  shock  calculation  are  presented  in  Table  C-VIII.  The  output  for  the 
integration  to  and  from  the  shock  is  the  same  as  the  standard  kinetics  output 
and  has  been  omitted. 

c.  Normal  Shock-Stagnation  Streamline  Case 

Card-image  listing  for  a  normal  shock  stagnation  streamline 
calculation  in  air  is  included  in  Table  C-IX.  The  streamline  downstream  of 
the  normal  shock  is  defined  through  an  input  velocity  distribution  table. 
Velocity  table  is  output  as  shown  in  Table  C-X.  The  normal  shock  calcula¬ 
tion  output  is  included  in  Table  C-XI.  The  remaining  output  for  this  case  is 
of  the  same  format  as  the  standard  kinetics  run  and  has  been  omitted. 

d.  Automated  Kinetics  and  Condensation  Case 

The  following  sample  case  was  completed  to  illustrate  the  operation 
of  the  KINCON  subprogram  in  the  automatic  mode  including  both  kinetics  and 
water  vapor  condensation  passes  in  a  single  case.  The  test  case  corresponds 
to  a  streamline  bounding  90%  of  the  total  mass  flow  for  a  typical  MMH/NTO 
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Table  C-III.  CARD  LISTING  FOR  RATE-SCREENING  CASE 


STHrWMO 


PU«fc  AH 
SPECIcS 


SCO  i '•  t  \  1  Vo 


L  o  a  S P|  it  i 


C'2 

;o 


•u* 


V;,V 
6  i  v  6 A  7  >5  r 


-P 

-7 


’»L-*3 


1  ,  ’  6  ’* '! i  ■] 

7,  '7  =  ^2 


<■  i ) 

J1A 


7  ,  ba  Ao  l<v- 1 

1. 


lu 

c 


NC2  *  b-  ■  ♦  C2- 

NC  ♦  E-  *  u-  ♦  -i 


A  =  1  ,"  t  ♦  i  ■'■  i 

A  -  9  ,  *  fe  *  i 


.  *  C ,  u , 

•  s  0,1- 1 


os  i' 

b  s  1 


, 

>  • 


ACT  I  ON!? 
U2  r  Q  + 

r.yT  9  1 

i"  .  .-=1  .  1  e  *  l  -  •  s  i.A 

.  B  a  o  .  0  . 

n2  *  iV  ♦ 

1  •  o =  1  ,  *5  ~i  ;■  ♦  1  7 ,  =  i 

*•■2,  Us  0,0, 

NC  s  N  + 

p  ,  M  s  4  ,  o  k  ♦  1 u  #  s  , 

.  5!  o,n, 

HltrJLKm 

*  "  1  AS  J. ,  e fc ♦  l •? «  MS  1 

,0.  bs  -1,7«5. 

NC  a  NO* 

*  "  i  As  ft ,  6 7 c * 2 *  *  ■  = 

2 ,  is ,  b  *  o  i  i 

03  ■  0  * 

*“2  1  AS  X, *26*19,  2 

,,  R  s  0,0, 

•  =  A  ^  L 

J 

*  E"  ■  A  =  3.b‘l»’i  '•s0 .0. 

!  =  C . 0  t _ 

O"  ■  0  ♦ 

•>  ,  As  3, <v:*  1*#  ■' = 

on 

3 

NC2-  *  NO?  ♦  e.-  .  As  1.45b*lV,  . 

Hfl 

" * ' 1 L  ( NO 2  X-’.N) 

1 

imiAiui 

3 

EMC  TBW  R fc  A  A 

NC  ♦  0  a 

02  ♦  •  i  As  1 ,  bF  * '••  |  s 

•  ;i  ,  *5 ,  3  «  b  ,  9  4  , 

\  1 

N2  ♦  0  a 

Ci  ♦  i*  »  A  «s  j.  -  3  E  ♦  1  j  a  ••• 

N2  *  02 

a  NP  ♦  " ,  As  + 

;.=  j ,  a ,  |: s  73, 

?  ■  / 

NC  ♦  i.O 

s  l.i?0  ♦  0  ,  .*=  l,2r-*M, 

.8  n  ,  r  ,  1.8  27, 

*’  f 

2J 

NC  *  NO 

s  ,m  ♦  ...02  ,  As  J.jE*12. 

.  S  *  .  ,  i;  =  il  .  *J 

M 

?? 

NC  ♦  02 

s  U  ♦  ft  v2  ,  As  1 ,  a? ♦  1  3  « 

•••S  0,"1,  CS  1  ,  •. 5 

1 

23 

02  *  02 

■  u  +  *  ^  .  ’<  =  2  *  l  *  u  *  1  A  i 

S  (J ,  0 ,  t  S  b  , 

14, 

?4 

mm 

«  ,m  *  .  As  3. 5" *11. 

■S  U.J.  BS 

2. 

NC2  ♦  0? 

s  ftt  *  ’1  1  i  As  4  ,  s-*.ll  , 

.5  0,0,  Rs  2,  a 

• 

?•' 

NO 3  ♦  02 

■  V?  ♦  ’0  ,  A»  4,2'tM,'. 

.  NS  o.s  J 

1  »’  > 

?7 

N2  *  02 

s  ♦  0  . _ As  3  .  Ob*J.  S 

•••s  O.u,  «S  2*. 

’*  # 

N20  ♦  C 

DC 

M  ,  11  ,  B  *  v  , 

’  # 

?'■ 

N2  *  NO 

•  G  i  ■  i  ^  •  0  •  J 

1 

3  , 

■Sinxi. 

S  0 . 0 1  be  ft  . 

Vi _  - 

3  J 

03  ♦  6- 

S  1 j  m  ♦  'i  ,  A=  4  ,  '  C  *  3  , 

.  =  • J  I  b  7  ,  Re  y 

,  3'  , 

3? 

03  *  E- 

a  0 2 "  ♦  0  i  As  1  ,  V  c  ♦  l  , 

■  a  0,0,  t:  S  ft  t 

•i, 

33 

N20  *  £- 

=  0*  ♦  ■.?  , _ A=  6  .  f  g±i  ■ 

■vs  P."i  °s  UL.T 

J _ 

34 

,V_. 

.V 


NOT  REPRODUCIBLE 


Table  C- III— Concluded 


NC2  ♦  t-  ■  j  '■  '  . _ hs _ 2-»±LLld-i _ _» _ 'J » y  i _ &= — n  t  » - - 32. 

02  ♦  0-  *  ur-  4  -5  ,  is  4,3-*U,  -=  3 

Q2AN02—  *0?w*  r  t  i  As  <  i  i'  '-♦!.<  *  iv  s  r>  i  ()  #  ijiu|  ^ 

NC2»  ♦ns'  l'-I  ♦  _ t - *■  8  l-t2h  ♦-Uu —  2  5 — 1*  >  C  t - B-s — Cj-iLi - fL~ 

N  ♦  0  *  r>. 0 ♦  ♦  L  •  •  As  1,4 ‘If: *£  l,  ‘  s  l,5i  c3  =  A; 

NC  ♦  C2  •  <\n*  ♦  C?-  *  as  V*  1|U»  e*  *t. 

NC  »  Q  » _ in  ♦  i  L  —  — i _ A*  3  .  ? g  ♦  1  . _ Ij-ioiLi - CJL— ili - 11 

NC  ♦  NO?  e  ”u  +  ♦  02- »  As  3(Abt-i')(  Vs  1(U,  c=  n,ni  A  a 

LAST  CAh:i 

PSPHCP£L _ 


±hl 

*2 

131 

15A 

1 

i  gp 


142 


iMTdes,  P  T  r  ( 1 )  *  a  *  1 »  v  •  -fTTU>sCi,'.',J_A_,?#?0,u.30|P*il. •»(:<#  il*  0 . 0 .  pl=1.0. 

PI  a  1  >  1 1  rSw*kPs.et.0^.Qcit.2.J3gli  JLUJl«IUA5u.  l_sA2L2_t2_..  V.siPQU.n,  H  ji  T  A  Hs|?  ,  a 
His, 1,1#  f^i'isC,!,  n‘  A<s«,P#  j L  s  J  ,  0  0  5 » J  T  s  1  | 

I S  C F  si,  ,7,<Sl2.1T,«4,  '-PSCP  ( 1 )  s4«  l ,  y  3*J  ,  og,,^ , 

NC3«2f  jfVsi  . _ _ _ _ _ _ _ 

JCQf)X«l, 


■SEN’l 


RtP«oo^'8Vt 


Table  C-V.  FINAL  SUMMARY  OUTPUT  AFTER  SCREENING  -  RESULTS 

OF  ORIGINAL  AND  SCREENED  RUNS 


VARIABLE 

ORIG  FINAL  COND 

SCREENED  FINAL  COND 

VEL 

3,8O0QOOOOE*O3 

3  i  8(jO0OOOQE*O3 

DENS 

1 ,179935045-05 

1,179935046-05 

TEMP 

4,70000501E*03 

4,700005016*03 

N2 

7,6UnQD253E*0l 

7.6onoo253E-0l 

02 

2.25934373E-01 

2,259343736-01 

NO 

4.O4339502E-03 

4 , U4039501E-03 

N 

5,6237*6735-07 

5.62376794E-07 

0 

1 i 00229198E-02 

1 ,002291986-02 

NO* 

3 , 9C949443E-07 

3.9U950464E-07 

0- 

2,034674635-09 

2,035139616-09 

E- 

7 , 05313769E-12 

7.05313731E-12 

N02 

1.08509134E-06 

1 . 08509778E-06 

•N20 

1.08i6l532E-0b 

l,0814l73lE-08 

NC2- 

1,025713485-10 

1.02570492E-10 

■•xi 

—  MINI  II  III  II  — 

■Jfiiilln'Tvmii‘1 

n03 

9,986700435-11 

9.99081900E-11 

THE  FOLLOWING 

reactions  b r e  omitted  on 

THE  SCREENED  CALCULATION 

reaction 

5 

reaction 

9 

» 

reaction 

10 

REACTION 

18 

REACTION 

19 

REACTION 

2C 

REACTION  2b 


REACTION  21 
REACTION  28 
reaction  29 
REACTION  3? 


A 


& 


& 


& 
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Table  C-VI.  CARD  LISTING  FOR  OBLIQUE  SHOCK  CALCULATION  IN  AIR 


-  « 
rt  00 
O  «  »  » 

o  c  .o 
-  '  O'  — 

<o  c  o 

■  ■  ■  ■ 

ob  oc  on  oo 


IT.  -4  *  » 
•  d  3  1M 


ria  a  l  qoH 

MBS  M  N  U  M 

z  <z  .z  ^  dz  e 


«««  ao  r. 

ri  H  ri  r- 

LU  Ul  UJ  UIU 

o  a  c  co  ir 

«■  m  m  i  •  n 

r'  H  ^  H  r 

N  H  R  MU 

■<•>«<  <  < 


JJ  T-l  O 

*-*  ic  O 

u.  t/i  rvi 


cm  cm  ai 

7  O  Z|Z  O 


X  Q  2  < 

U  Z  r>  I 
_J  Ul  _»l 
Z  !*  99  l 


«  X  CM  □ 

o  «4  o  z: 

-  *  UJ 
o  ♦  rr  ■  ■ 

•  • 

NNZOCOG 

a 

naa*-** 

NIMOUO  IV 
Z  3  Z  Z  Z  Z 

Ul 


*  M> 

(V  - 

ir\  n 

K>  C3 

CD  rl 


to  Ml  rt 

<*"  «  O  «  » 

IJ  M  « 

t—  |  »  □  O 

U  M-  O  » 

*  .  .  — CV  3 

M  rl  »  >ft  «  CD 

O  N  »  in  rl 

O  Z  ■  »G  «  «.  . 

rg  r.  J  |  r •<■  If  to 

•  X  •  *  o  c  o  t. 

•>  X  O  »  -  CJ  "=»  'O 

■  <  rt  O  IN  CM  f“- 

fi  •  -  n  i  •  «  •  • 

Q.  t  IO  OOOO- 

J  I  Irt  <  I  (  I  (« 

Ul  «  LL  **» 

a.  a  roaHHioHrti 

O  OOZ 

x  o  *  i  on  omii  ®  — •  z 

b. »«mui-i-ki-»-xui 
fA  M  I  Zl-Z  MIMa  a.  JJ  * 


NOT  REPRODUCIBLE 


Table  C-VII.  PRESSURE  TABLE 


SHOCK  OCCURS  AT  TABLE  ENTRY 


1.00000000E*00 

5,OOOflOOOOE*Ol 

0. 

o. 

1.49l96100E*0fl 

6.54|83200E*00 

i.i607338OE*0l 

2,l7843020E*0l 

3.1«374490E*01 

3.20603730E*01 


P 

9.20Q40000E+00 
9 . 200400  0  0E*Q0 
9,20040000E*00 
1.80960000E*02 
1 . 47180000E*02 
X  ,076000  006*02 
1 . 00420000E*02 
X , 1728OOQ0E*O2 
i,443iOOOCE*02 
1,58430000E*02 


3  •*•••••*< 

PP/DX 

0. 

0. 

0. 

•  2.2M13423E  +  01 
•1,11697475E*01 
•4,62266508E*00 
6 • 3260068lE«01 
2.16953827E*00 
1 i 33712132E*00 
8.99199590E.01 


Table  C-VI1I.  SHOCK  CALCULATION 


begin  shock  calculation,  AXIAL  POSITION  t  0,00000 


CALCULATED  SHOCK  CONDITIONS 


SHOCK  ANGLE  (DEG) 
DEFLECT  ANG  (DEG) 
P2/P1 


1 . 07il2538E*01 
8 , 47695Q96E*00 
1,966071O1E*O1 


property 


UP3TREAH 


downstream 


PRESSURE  (PSIA) 
TEMPERATURE  (DEG-R) 
DENSITY  (LBM/FTS) 
MACH  NUMBER 
FROZEN  GAMMA 


6 i 389l623BE*n2 
4,31411921E*02 
3 ,  98120375E**04 
2,2047S049E*01 
1.40065148E*00 


1 ,29666586E*00 
1,75017828E*03 
1.93016028E-0J 
i,10lOd903E*01 
1,33896013E*00 
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Table  C-IX.  CARD  LISTING  FOR  NORMAL  SHOCK  STAGNATION 
STREAMLINE  CALCULATION  IN  AIR 
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not  reproducible 


Table  C-X.  INPUT  VELOCITY  DISTRIBUTION  TABLE 


’  / 


V  E  L  0  c  ! 

T  Y  t  4  n  j.  E 

1 

. 

1 ,70l6O0ri0F  +  03 

-3,35797665E*P4 

2 

2y 5  7  0  0  0  0  0  0  E •  3 

l,6lb3fl0M0f:*O3 

-3  ,  35603ll3E^''4 

3 

15 , 1 4  0  0  0  0  0  C  c  •  ^  3 

1 ,52910030E*P3 

-3,35«03ll3E*M 

4 

7,7in00d'UH-n3 

1 , 442flOOOOE  +  (>3 

-3 , 354^fl560E+04 

-5- 

--1-,  fl2frOt'Ono^»n-2 

l ,  3  5  6  7  (J  o  0  0  E  ♦  0  3 

-f§ ,  34^24^  3^  5-4 

6 

I,?850000'j6»r2 

1 , 27f’7fl000E*n3 

•7  ,.3443l?7,J0E*P4 

7 

1,542000*OF-P2 

1  ,  l«MBf}0f;O[:*P3 

-3,34?41245E*n4 

—6— 

-1  if  990i»000c-n2 

1 , 098900COE+P3 

-»7-,34-n-4A69-3E^4— 

2 , P560&CP02-H2 

1, 01710  C‘0f>03 

-3 ,33463035 E  +  M 

10 

2,31301  OHiEr-P? 

9 , 2  7  c’  0  0  '1  0  F  ♦  n  2 

•3 , 33r-7393DE*P4 

-11— 

■  -2 ,  t>-7t!.OOC,*Of-*,'T? 

H,4lVOOO-'-On^?2 

-3T324t?4825B-^4— 

12 

2,«270(J0r0F-f,2 

1 ,56**OOPf?0E^12 

-3 .319Q6615E  +  P4 

13 

3,  !ic‘43,J0pnF*n2 

6  i  7 1 3  0  0  0  r‘  l)  E  ♦  il  2 

-7 ,31<22947E*P4 

.<  lit  r.ll.'illl'.La/l'J 

— -i-  mriaiAACxAii 

i7<nui|viuur,i;i: 

“  9  » ©  c  v  u  U  v  v  r*  *  t;  c 

•  '  •  jIJ  'OT<3"ufc*"4 

15 

3 ,  K<Jd000Cfjf--n2 

5.01300090E+P2 

-3,?9766537E*M 

1* 

3 ,**boccro£-ft2 

4  ,.l6700fK,OG4P2 

-3 , ?9< «?879E*n4 

-17- 

^,U200000s-*/'2 

3 , 321  0nm0E+n2 

-7v?8*l55645*M 

4 , 7  6  9  o  i.'  -j  ri  n  t  -  r  2 

2.48J  0 0 0 0 0 F. ♦  i> 2 

■7,26?64591E*i'l4 

1? 

4,6260  u  0 " P  F • H 2 

1  ,fr44000,JOE*n2 

•3 ,  .tB&813?3E*pi4 

-?0 

4 ,  s^sooor.o^-f'? 

fi , 419500P0E+01 

-3,19H44358E’H'4 

21 

> ,  1  4  r«  0  0  C  r.  cf.  -  0  if 

-.3,27407{j04E  +  P4 

NOT 


rEProducibU 


Table  C-XI.  SAMPLE  OUTPUT  FOR  NORMAL  SHOCK  CALCULATION 


NORMAL  SHOCK  STAGNATION  STREAMLINE  CALCULATION  REQUESTED 


CALCULATED  SHOCK  CONDITIONS 

PROPERTY  UPSTNfAM  DOWNSTREAM 


PRESSURE  <  PS l A  >  6,3«92000DE-03  3 , 97035865E*0 j 

TEMPERATURE  (DEG-R)  4 , 3360  0  0  D 1E*02  3 , 21130576E*0< 

«  EM  9-H-Y-<-tu  FV  F-T"3) - - 3t3?3*6308E-<0T 


444 


engine.  The  initial  streamtube  temperature  was  purposely  reduced  from  the 
original  combustion  chamber  value  to  ensure  condensation  within  the  region 
of  interest. 

A  card-image  listing  of  the  case  is  shown  in  Table  C-XII.  The 
streamline  conditions  (initial  pressure,  temperature,  and  velocity)  including 
the  pressure  distribution  were  obtained  from  the  output  of  the  MULTRAN 
subprogram  and  are  presented  in  Table  C-XIII.  Printout  of  the  input  data 
and  the  pressure  distribution  table  were  omitted  since  that  information  is 
available  in  Tables  C-XII  and  C-XIII.  The  initial  streamline  conditions  for 
the  kinetics  pass  are  presented  in  Table  C-XIV. 

The  water  vapor  saturation  point  is  reached  at  station  24.988  as 
shown  in  the  station  output,  Table  C-XY.  Conditions  at  the  saturation  point 
are  saved  as  initial  conditions  for  subsequent  condensation  calculation  pass. 
An  area  ratio  table  is  constructed  as  the  integration  continues  downstream 
as  can  be  seen  by  the  area  ratio  printout.  Table  C-XVI  shows  the  termin¬ 
ation  of  the  kinetics  pass  when  the  static  temperature  dropped  below  180  °R. 
The  condensation  calculation  pass  begins  at  the  saturation  point  and  follows 
the  area  ratio  table  computed  during  the  kinetics  pass.  Table  C-XVII  pre¬ 
sents  this  area  ratio  table  plus  the  first  derivative  as  output  at  the  beginning 
of  the  condensation  pass.  Initial  conditions  for  the  condensation  pass  are 
included  in  Table  C-XVIII;  intermediate  printout  of  pertinent  water  vapor 
properties  and  nucleation  rate  are  also  shown.  Variables  include 


PV 

=  vapor  pressure  (atm) 

PVS 

=  saturated  vapor  pressure  (atm) 

PRATIO 

=  PV/PVS 

RS 

=  critical  droplet  radius  (cm) 

EJ 

3 

=  nucleation  rate  (1/cm  sec) 

TS 

=  saturated  vapor  temperature  (°R) 

As  the  flow  continues  to  expand  to  higher  degrees  of  supersaturation,  the 
nucleation  rate  increases  triggering  droplet  growth  (condensation). 

Tables  C-XIX  and  C-XX  present  the  output  at  typical  locations  in  the  con¬ 
densing  region.  These  tables  illustrate  the  additional  printout  in  the  con¬ 
densing  region  (where  nucleation  rate  is  greater  than  threshold  value).  The 
FORTRAN  symbols  correspond  to  the  symbols  used  in  the  analysis  in  the 
following  manner  for  primary  variables  of  interest; 

RPRIME  =  r' 

XMBAR  =  m 
x  # 

HINT  /Hdx 

o 

G  =  g 
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lab  I  c*  C-Xll.  KINCON  SAMPLE  CASE-DATA  LIST1NC. 


sthbrmq  s 

AUTOMATED  KINCON  TEST  CASE 


Wl 


,020 

,42509761 


REACTIONS 
02  «  2*0, 


,00115 
1 , 3  9  E  »  6 


A*3 , 3E17 i 


N  s  1 , 0 , 


BsQ  ,  0 , 


REACTION 


OH  «  H  ♦  0, 
CC2  ■  CO  *  0, 


A  =  2 , 3E16  , 
A  e  5 , 1 E 1 5  » 


END  T6H  REAX 

NC  *  C  «  02  ♦  .v,  A  *  3 ,  C  6 1 1  # 


iN<*  ♦  3  'C  »  U, 

N2  ♦  02,  *  2  •  N  0 ,  a ■ i , 0 E 1 3 * 


CC  ♦  02  a  C ^2  ♦  0,  A ■ 1 , 9fel3 * 


,  u  , 

1-30,0, 
s  0 , 0 , 

TJeCTO'i- 

N  s  -  0  ,  R , 


3  l'  |  v  , 

Ns  0 , 0  * 

Ns  C  ,  0  , 


CC  *  N  s 

IT 

--ff*r,-3ETor ' 

MET 

CC  ♦  0  « 

c 

♦  02  , 

As2,4E13, 

>\  5  j 

CC  ♦  H  , 

c 

♦  Oh  , 

Asl,2El4, 

N*l 

B"0 , 0 • 

833.5A, 

BTsnv, 

0*7,13, 


0t/7|5, 

0379,48*, 

B«54ji5, 


C  *•  U  •  J  • 

031.99, 

0525,84, 


REACTION  3 
REACTION  4 


*  fc  *  w  I  1  u  n  3 

reaction  t 
reaction  7 


reaction  9 


»  0  I  I  U  iM 

RtACTION  11 

reaction  i? 


REACTION  14 

reaction  15 


OR  ♦  0  :  »  ♦  02,  a»2, 24514, 

OH  *  H2  b  H20  ♦  H,  438,41013, 

rt2  ♦  0  «  OH  ♦  n,  4s7,33Ei2, 
H2  ♦  02  »  2*Jh,  A34.98E23, 


U£  *  ’  ,  4»1,MS 14, 

NC  ♦  H  s  Cm  ♦  ri ,  433,4013, 

CC  ♦  CO  ■  C02  ♦  C,  a  si , CE13 , 

.A'ST  CARD — "  7 

SPROPEl 

RSTARiO  ,  0972,  JHFlAGsl,  OEL*,0l, 


TCOND ( 1  )  =  12*0. ,  T=2500. , 
AREPS-,001,  ETA-0.1,  TC0ND(1  )-12*0. 
SEND 


Reaction  i7 
Reaction  i« 


.  ;■ ,  u  , 
"J* 0  ,  u . 
<  =  •' ,  0 , 


031,38, 

039.93, 


I  1  I'U 

REACTION  23 
REACTION'  24 


"u3s3G,  w  l  e  ,  0  0  C 1 ,  MKlNa.nnOj,  HMAXsl.f), 


,  IDCOND=2 , 
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Table  C-XIII.  STREAMLINE  GENERATION  PROGRAM 


CP  TIME  ■  33,799  PP  time  *  192,713 


STREAMLINE! 
ZINIT  * 

P  X  M I T  p 

-wit-  * - 


1  > ■  90,00000 
0,000000 
67,524369 


PERCENT  OF  THE  TOTAL  MASS  PLOW 
(NONDIMENSIONAL  •  S/RC > 

(PSI A) 


5453,270529 — (&fc6-t-B-)~ 


VINIT  i 
ZF I NAL« 
-HOKSK— •- 


2587,734814 
44,569804 
78 


(FT/SEC) 

( nono i mens i onal  « 

(NO,  OF  -PRESSURE 


'  Z/RC) 
T-ABLE-POIMTS) 


-POINT 


-AXI-AL 


R-A-B-I-A'L- 


■streamline 


PRESSURE 
( PS  I  A  ) 


6,7524376*01 
6 , 5501046*01 
6,406242E*O1 


NO,  DISTANCE 

(Z/RC) 


1  *6 , 237351E-01 

2  *5,6136166-01 

-a - »4,9.emife»<n 

4  *4 , 366146E-01 

5  *3,742411E-01 

6  — *3, 1166756- 01 

7  *2,4949406-01 

8  *1,8712056-01 

— 9 - ■l,247470L*-04- 

10  .6.237351E-02 

11  3.552714E-15 

-12 - 6.237351E-02 

13  1,2474706-01 

14  1 , 871205E-01 

-1* - 2,4949406-01 

3,1166756-01 
3,7424116-01 
-4 ,366146(:«01 
4,989B8lE-01 
5,6l36l6E*01 
— 6,5487906*01 

22  6,6818536*01 

23  8, 230535E-O1 

-24 _ 8,8404056*01 

25  9,9595866-01 

26  1, 1097306*00 

-27 - 1,2262145*00 

1,3457426*00 
1,468845E*00 
1,5960166*00 
1,7276836*00 
1 . 8644425*00 


DISTANCE 

(R/RC) 

1, 0108966*00 
9  1 992Q94E*01 
9  r£  84.8655*01- 


DJSTANCE 
(S/RC) 

0, 

6,345886E*D2 

1,28757-65-01 


9,7928936*01 

9.713276E-01 

9,645l90E*01 

9,5692936*01 

9,545219E*01 

-S  r54-2.9-55E.eQ4 


1 ,89796BE*01 
2.526764E-01 
3 ,1-542045-01 
3.780439E-01 
<,405729E-0l 
5 , 0302985*01 


6,2461656*01 

6,0197858*01 

8,8391275*01 

5,6147065*01 

5,3860468*01 

5,1558616*01 


9,49?547E*01 

9,484006E*01 

-9,48717-15*01 

R,502609E*01 

9,5292745*01 

9,5676075*01 


5 , 654367E-01 
6 , 278160E-01 
6 ,9019035*01 
7 , 525830E-01 
8.150134E-01 
t775Q466*01 


4,951774E*01 
4,7150788*01 
4,4783595*01 
4,274039E*O1 
4,0380525*01 
S,. 8040445*01 


16 

17 

18 

19 

20 
-8 ±- 


9,6176248*01 
9,680336£*01 
9,7537665*01 
9,838B89E*01 
9,9357468*01 
1 ,  OQ3435E*OQ 


9.400784E-01 
1 , 002766E*00 
1 , 0655715*00 
1 ,128522E*00 
1 ,191643E*00 
1 t 285678E*00 


3,5737155*01 

3,3744386*01 

3,1521306*01 

2,9356975*01 

2,7262025*01 

2,4455326*01 


1, 006635 E *00 
1,O47308F*OO 
1 1  U63762E4-00 
1,0952715*00 
1,1266325*00 
-1 , 1566fl9F#0Q 


1 ,299366E*0Q 
1,459507E*00 
-1, 5226535*00 
1,6389226*00 
1 , 756937E  +  00 
1,B77752E*00 


2,406621E*01 

1,9803476*01 

1,8994375*01 

l,758742F*0l 

1,667694E*01 

1,5726585*01 


28 

29 

—30 

31 

32 


1,1913246*00 
1,224672F*00 
1 , 2588666*00 
1,2940236*00 


2 i 001655E*00 
2,129195E*00 
2,260B82E*00 
2 | 397l62E*00 

n  eifii hap . 


1,4791706*01 

1,3865B8E*01 

1,2955066*01 

1,2067446*01 


A  Man  A  A  f* 


Table  C- XIII— Concluded 


34  2,1564356*00 

35  2,3132622*00 

36  2,4787605*00 

37  2,6550245*00 

38  2,845226E*00 

-W - 3-r04*344&*QO 


1,4070002*00 

1,4477972*00 

1,4905602*00 

1,5358832*00 

1,5846382*00 

1,6366192*00 


2,840550E*00 

3,002596E*00 

3,1735305*00 

3,355528E*00 

3,551879E*00 

3,7615436*00 


9,581216F*00 
8,8163762*00 
8,0844362*00 
7,368069F*00 
6,652436E*00 
■4-r  07-1-7-792*00 
5,3148222*00 
4,7025222*00 
4,1211882*00 
3,5810022*00 
3,0755B1E*00 
2,6102572*00 
2,183015E*00 
1,7970465*00 
1,451938E*00 
1,272373E*00 
1,0863945*00 
8,6472016.01 
7.013092F-01 
5,8824682-01 
4,94146951.01 
4,2498762-01 
4,2643005-01 
.*>ti63flai£*ni 
4,6389045-01 
4,6410275-01 
4,5894672.01 
4.641766E-01 
4,4811045-01 
4,8025946.01 


40  3 , 2693202*00 

41  3,5089835*00 

42  3,7731426*00 

43  4,0650005*00 

44  4,3923065*00 

45  4,7618565*00 

46  5,1852886*00 

47  5,6752336*00 

48  6 , 2511822*00 

49  6,6250025*00 

50  7,0746356*00 

-54 - 7,8153135*00 


1 ,693105E*00 
1 ,7543182*00 
1, 8217246*00 
1,8961435*00 
1,9795365*00 
2,0736395*00 
2,181412E*0Q 
2,3060875*00 
2,4526545*00 
2,547389E*f)U 
2,6606886*00 
„2..tiU,9440Em 


3,989624E*00 
4,236981E*00 
4,509604E*00 
4,810801E*00 
5,148564E*00 
5,5299p7E*00 
5 , 966838E*00 
6,47239BE*00 
7,066704E*nO 
7,4523406*00 
7,9160295*00 
8t6a03<i6E*Q0 


52  8,5713966*00 

53  9,2653666*00 

3  4  9,975806E*nci 

55  1,0685036*01 

56  1,0673732*01 

-5X - U076H112*01 


3,0414285*00 
3,2181576*00 
3,3997775*00 
3,5811622*00 
3,5747722*00 
-3t-6ifl45i  IE*  Q.Q.. 


9,4604566*00 
1,017658E*01 
1, 0909U6E+O1 
1,164192E*01 
1i16549QE*01 
ltl753ftZE*<U- 


58  1,1130666*01 

99  1,1255745*01 

60  1,1425165*01 

61  1,1567826*01 

6?  1,1803065*01 

-tZ - 1,2072286*01 


3,7028496*00 
3,7386872*00 
3 , 787626E*00 
3,8297475*00 
3,8994836*00 
3-t  9  7  7X696  *0-0- 


1i212951E*01 
1 1 225V63E*01 

1, 24359 7 E *01 
1,25B472E*01 
1,283008E*01 
lt3llQ45E*0i 


64  1,2429475*01 

65  l,2856526*ni 

66  1,3142935*01 

67  1,3574146*01 

68  1,4112185*01 


*,074703E*00 
4,1838372*00 
4,2576935*00 
4 , 37Q228E*00 
4,5124232*00 


1 , 348o56E*Ol 
1,392133E*01 
1,421712E*01 
l,466277E*ri 
1,5219286*01 


6,0420206-01 

4,8718036-01 

4,8600316-01 

4,5343706-01 

4,2686182-01 


- - 

7n 

1,6637456*01 

9,1209412*00 

a. 

1,781699E*01 

4  ,  - 

2,2435332-01 

71 

1,8165435*01 

5,4942042*00 

1 ,939037E*01 

1,5369016-01 

72 

1,9066915*01 

b , 6479686*00 

2,030454E*ni ■ 

-1,4825085-01 

73 

2,1353286*01 

6,2483475*00 

?,266842E*01 

1,1307856-01 

74 

2,379229E*01 

6,9395702*00 

2,520350E*0l 

4,0966696-02 

7* 

14559?:  i.pi 

P  ,  i  44f9AP*nr? 

9,«4fl«5l3P*Tl 

1  .  *23A,52E-n2 

76 

2,942882E*01 

9,1864412*00 

3 i 127l38E*01 

9,9732096-03 

77 

3,145359E*01 

9,9735892*00 

3,344378E*01 

7 , 958811E-93 

78 

4,1585235*01 

1,4549615*01 

4,456980E*ni 

2,3520456-03 

» 
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Table  C-XVII.  AREA  RATIO  TABLE 


4— 
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2 
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Table  C-X VII— Concluded 


V 


23  2,99O37000E*01 

44 - 3 1 Q  3 10  00  006*  01 

25  3,Q5lBiOOOE*01 

26  3,09277000E*P1 

442 - 

2B  3,1951700QE*01 

29  3,25661000E*01 

30  3,33P530Q0E*01 

31  3,44n9300QE*Pl 

32  3,60477000E*01 


34  3,7606iOOOE*Ol 

35  3 , 850530006*01 

il _ •»  0iP4Kt)  fl  Qg»n  i 

37  4,01*37000E*01 

38  4,09629000E*01 

49 - 4,170310006*01 


4,09743291E*00 

4,450996676*40 - 

4 , 9Q04  0  859E ♦ 0  0 
4 , 87?585@6E*0Q 

5,150157006*00 - 

8,417397496*00 
5,70457492E*00 
6, 01^349886*0 0 
6,33O55291E*00 
6 , 95?32330E*0Q 

7,710841366*00 

0,361662396*00 

-fS-6741-A^444*^Q - 

9,25"695?0E*00 
9,93667562E*00 
1 1 073239996*01 - 


8, 37479712 E *01 

B|0074l677E.ni 
7,27663481E*01 
6.17132305E-O1 
5,3-2043607E-41 
4,851004?8E»01 
4.17098491E.01 
3 , 444  976  n9E»0 1 
3,519281176*01 
3,950305546-01 
4,629626416-01 
5.19581533E-01 
5.87320313E-01 
6,49575694E-(H. 
7 , 7l22ll06E»01 
8 , 99477990E-01 
9,713431696-01 


453 


Table  C-XVIII.  INITIAL,  CONDITIONS  KINETIC  STREAMTUBE  CALCULATION  AXIAL 
POSITION  =  2.  49885E+01  INPUT  NORMALIZING  AXIAL  SCALE  FACTOR  (FT)  8.  10000E-03 
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Table  C-XIX.  KINETIC  STREAMTUBE  CONDITIONS  AXIAL  POSITION  2.  70052E+01 

FLOW  PROPERTIES  KINETIC  COUPLING  TERmS 
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Table  C-XX.  KINETIC  STREAMTUBE  CONDITIONS  AXIAE  POSITION  2.  90277E+01 
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DHPDX  =  dh'/dx 
DGDX  =  dg/dx 

DRDX  ^  dr/dx 

RSTAR  =  r** 

JRATE  =  J 

HPRIME  =  h1 

DHPDT  =  dh'/dT 

XMDOT  =  m 

XMOM  =  M 

E  =  H 

All  values  of  variables  printed  out  under  the  above  symbols  are  in  the 

internal  computing  units  of  poundal,  pound  mass,  BTU,  foot,  and  second. 
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Appendix  D 


SURFACE 


DEPOSITION  AND  SURFACE  EFFECTS 
COMPUTER  PROGRAM 

A  Plume  Impingement,  Deposition,  Abrasion,  and 
Surface  Contamination  Effects  Model 


D.  1  INTRODUCTION 

a.  The  SURFACE  Program 

The  computer  program  described  in  this  appendix  is  a  subprogram 
to  the  Plume  Contamination  Effects  Prediction  Computer  Program, 

CONTAM.  and  computes  the  effect  of  direct  plume  impingement  on  sensitive 
satellite  surfaces  in  terms  of  changes  in  the  thermal  and  optical  properties 
of  the  surfaces.  Required  input  to  the  SU RFACE  subprogram  includes: 

(1)  The  gasdynamic,  thermodynamic,  and  chemical  constitution 
description  of  a  plume  as  computed  by  the  MULTRAN  subprogram 
(Appendix  B)  and  KINCON  (Appendix  C). 

(2)  A  configurational  and  material  description  of  the  sensitive 
surfaces  of  the  spacecraft. 

b.  Scope 

The  scope  of  this  portion  of  the  study  was  initially  limited  to  defini¬ 
tion  of  the  basic  components  of  a  computer  model  of  direct  plume  impinge¬ 
ment  contamination  effects  caused  by  a  limited  number  of  species  on  selected 
sensitive  surfaces.  The  objective  of  this  initial  approach  was  to  demon¬ 
strate  that  the  determination  of  surface  effects  was  amenable  to  modeling  by 
a  computer  program. 

The  program  development  proceeded  faster  than  anticipated,  and 
the  program  is  much  more  nearly  complete  than  expected.  The  program 
currently  is  a  system  model  consisting  of  a  general  configurational  descrip¬ 
tion  of  a  satellite  with  multiple  thrustors,  an  extensive  list  of  structural 
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materials  which  may  be  included  as  part  of  the  surface,  and  many  of  the 
expected  plume  contaminant  species.  The  model  of  the  plume-surface 
interactions  is,  however,  still  restricted  to  a  limited  set  of  steady-state 
conditions,  A  brief  description  of  the  model  and  computer  program  will  be 
presented  along  with  a  sample  output  of  the  program. 

Because  the  simplified  program  model  is  now  operational,  numeri¬ 
cal  values  for  "surface  effects"  can  be  calculated.  Hence,  there  is  a  temp¬ 
tation  to  try  to  use  the  program  to  get  valid  answers  to  questions  about 
plume  -  surface  interactions.  It  cannot  be  too  strongly  emphasized  that  the 
current  program  may  not  give  valid  answers  except  in  the  simplest  cases; 
therefore,  engineering  judgment  must  be  exercised. 

D.  2  ANALYSIS 

a.  Summary 

(1)  Configuration 

The  basic  configuration  of  a  model  satellite:  location  of 
thrustors,  materials  of  construction  at  various  locations  (segments),  and 
properties  of  the  structural  materials  are  input  to  SURFACE  first.  Proper¬ 
ties  of  typical  deposit  materials  are  then  entered.  A  segment-by-segment 
mechanical  description  of  the  satellite  is  constructed  and  printed  out. 

(2)  Initial  Condition 

The  optical  and  thermal  properties  of  the  surface  materials 
are  matched  to  the  segment  structure  of  the  satellite,  and  a  segment-by- 
segment  listing  of  the  current  optical/thermal  condition  is  printed.  At  the 
same  time,  the  average  a,  <  ,  and  »/e  ratios  for  the  whole  satellite  are 
calculated  and  then  listed. 

(3)  Test  Effects 

The  next  portion,  use  of  which  is  optional,  consists  of  input  of 
arbitrary  or  precalculated  data  about  the  current  conditions  of  selected 
segments  after  plume  exposure,  and  then  determination  and  listing  of  the 
current  segment-by- segment  optical/thermal  condition,  plus  averaged  a,  «  , 
and  the  a/c  ratio.  This  portion  can  be  used  either  to  checkout  the  calcula¬ 
tions  of  surface  condition  or  to  calculate  the  effects  of  surface  plume  inter¬ 
actions  observed  in  tests  or  calculated  by  means  other  than  this  program. 

(4)  Segments  Impinged 

Based  on  a  knowledge  of  the  basic  plume  structure,  as  deter¬ 
mined  by  the  MULT  RAN  subprogram  (or,  in  the  manual  mode,  from  test  or 
other  computed  data),  the  SURFACE  subprogram  then  determines  and  lists 
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the  location  of  all  portions  of  the  spacecraft  upon  which  the  plume  impinges. 
This  permits  the  elimination  of  those  spacecraft  surfaces  which  will  not  be 
affected  by  the  thrustor  impingement,  thereby  preventing  unncessary 
computations. 

Transformation  of  coordinates  from  satellite -based  to  thrustor- 
based  are  calculated  at  this  point,  in  order  to  accept  data  from  MULTRAN 
and  KINCON.  The  data  to  be  transformed  may  be  entered  by  card  or  may 
have  been  calculated  earlier. 

(5)  Plume  Impingement  Calculations 

The  program  then  assembles  and  lists  a  file  of  properties  of 
the  current  surfaces  of  the  plume -impinged  segments  identified  earlier. 

Characteristic  properties  of  the  plume  are  then  input  based  on 
the  results  of  KINCON  and  MULT  RAN,  The  thrustor  pulse  is  sliced  into 
selected  increments,  and  the  program  calculates  the  gross  effect  of  impinge¬ 
ment  on  the  surface  material  of  each  satellite  segment  during  the  time  slice, 
thus  determining  whether  abrasion  or  deposition  (treated  as  mutually  exclu¬ 
sive)  occurs.  After  deciding  the  type  of  effect,  the  detailed  effects  on  each 
segment  are  determined.  The  process  is  then  repeated  for  subsequent 
slices,  with  the  surface  condition  after  each  slice  used  as  input  for  the  next. 
When  the  calculation  is  completed  for  the  total  pulse,  the  final  conditions 
for  the  affected  segments  are  listed. 

(6)  Final  Condition 

The  program  then  returns  to  calculation  of  the  current  optical/ 
thermal  surface  condition,  a,  t,  and  the  a/e  ratio. 

(7)  Recycling 

Reentry  to  calculate  the  effects  of  a  new  pulse  can  then  be 
accomplished. 

(8)  Future  Work 

Among  the  parameters  of  major  importance  to  the  calculation 
of  surface  effects  which  are  not  yet  embodied  in  the  program  are: 

•  Effects  of  exposure  to  space  vacuum  between  pulses. 

•  Effects  of  transient  conditions  during  pulse  (start-up  and  tail-off). 

•  Sticking  of  droplets  to  surface. 

•  Heat  transfer  to  surface  during  deposition. 


Future  work  on  SURFACE  will  emphasize  modification  of  the 
program  to  include  these  effects. 

b.  Configuration 

(1)  Satellite  Structure 

SURFACE  accepts  card  data  input  to  describe  the  external 
surface  of  the  satellite.  The  surface  is  divided  into  a  number  of  segments 
(variable  at  will),  and  each  segment  location  is  given  in  a  cylindrical 
coordinate  system.  Additional  inputs  include  the  locations  of  all  projections 
from  the  surface,  the  height  of  such  projections,  and  the  angle  they  present 
to  the  main  axis  of  the  satellite.  The  initial  surface  temperature  at  each 
location  is  noted.  The  program  prints  a  set  of  tables  showing  all  configura¬ 
tion  data. 

In  the  satellite-based  cylindrical  coordinate  system,  the  origin 
is  placed  at  the  vertex  of  the  satellite  nose,  with  the  satellite  axis  lying  on 
the  X-axis.  The  coordinates  of  any  point  in  this  system  are  given  in  terms 
of  (X,  R,  0),  with  0  measured  in  radians  from  the  horizontal  Y-axis. 

For  purposes  of  locating  the  various  conditions  and  effects  on 
the  surface  of  the  satellite,  the  exterior  is  divided  into  segments,  each  with 
a  specified  area.  Each  segment  is  given  an  identification  number,  and  its 
location  is  recorded  in  the  cylindrical  coordinates  of  its  midooint.  The 
shapes  of  the  segments  are  appropriate  to  the  surfaces  they  lie  on— squares 
on  the  cylindrical  surface,  annular  segments  and  circles  for  the  ends.  The 
assignments  are  completely  flexible  and  can  be  changed  by  simply  changing 
the  data  cards.  In  general,  there  is  no  need  to  describe  the  satellite 
exterior  completely.  If  the  general  areas  which  can  interact  with  the  plume 
are  already  known,  then  the  input  can  be  limited  to  these  areas. 

(2)  Projection  Configuration 

Card  data  are  accepted  to  describe  the  configuration  and 
structure  of  projections  above  the  satellite  surface,  including  sensors,  solar 
cells,  and  thrustors.  Tables  arc  printed  showing  the  data  for  each  pro¬ 
jection.  If  a  projection  is  in  contact  with  two  or  more  segments  only  the 
contacted  segment  with  the  lowest  I.  D,  number  reports  information  about 
the  location  of  the  projection. 

(3)  Structural  Materials 

Card  data  are  accepted  to  describe  the  structural -mechanical 
properties  of  typical  materials  used  for  exterior  structures  of  satellites. 
Materials  include  aluminum,  gold  plating,  solar-cell-cover  glasses,  infra¬ 
red  ports,  windows,  ultraviolet  ports,  and  white  and  black  thermal-control 
coatings.  Typical  or  handbook  data  are  currently  input.  Definitive  data 
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for  specific  alloys  or  compositions  can  be  added  easily  when  information  on 
their  behavior  is  required.  The  input  data  are  listed. 


(4)  Optical  and  Thermal  Coefficients  for  Structural  Materials 

Card  data  are  accepted  to  define  properties  such  as  a  solar 
absorptivity,  thermal  emissivity,  transmittivity  at  selected  wavelengths , 
etc.  ,  as  functions  of  surface  finish  for  the  structural  materials.  Typical  or 
handbook  data  are  currently  supplied.  Specific  data  inputs  for  selected 
compositions  of  materials  can  be  added  as  required.  The  input  data  are 
listed. 


(5)  Physicochemical  Properties  of  Propellants  and  Deposits 

Card  data  are  accepted  to  define  the  physical  and  chemical 
properties  of  plume  species  and  deposits  at  selected  reference  temperatures. 
Properties  of  propellants  at  other  temperatures  are  then  calculated.  However, 
there  are  not  sufficient  data  for  most  of  the  condensed  reaction  products  for 
accurate  extrapolation  of  these  properties,  and  most  of  the  data  for  these 
materials  are  treated  as  constant  with  temperature. 

The  methods  used  to  calculate  the  properties  are  described  in 
Appendix  A,  Subsection  A.  2c (2). 

(6)  Optical  and  Thermal  Coefficients  for  Deposits 

Card  data  are  accepted  to  define  thermal  and  optical  coef¬ 
ficients— a,  c,  t,  and  P  — as  functions  of  temperature.  Input  data  are  listed. 

c.  Initial  Condition 

(1)  Initial  Assignment  of  Materials 

Card  data  are  accepted  to  assign  specific  structural  materials 
to  each  satellite  segment.  As  many  as  three  layers  of  materials  may  be 
assigned  to  any  segment.  The  data  are  entered  into  two  arrays;  one  is  the 
surface  description  array,  and  the  other  is  a  transfer  matrix  used  to  search 
for  properties  corresponding  to  the  materials  and  their  conditions. 

A  table  is  printed  showing  the  materials  assigned  to  each  seg¬ 
ment  of  the  satellite  and  projections. 

(2)  Optical/Thermal  Surface  Parameters 

This  segment  takes  the  transfer  matrix  and  searches  the  stored 
optical  and  thermal  coefficients  for  the  appropriate  data.  Interpolations/ 
extrapolations  are  conducted  if  the  specific  data  needed  have  not  been  entered 
during  input. 
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The  optical  and  thermal  properties  of  structural  materials  are 
tabulated  as  functions  of  surface  finish;  the  properties  of  the  deposits  are 
given  as  functions  of  surface  temperature. 

The  interpolation-extrapolation  routines  include  the  following 

features: 

•  No  extrapolation  of  optical/thermal  properties  is  done  below  the 
value  given  for  the  lowest  temperature  or  surface  finish  in  the 
tables;  the  minimum  value  is  used. 

•  Extrapolation  above  the  highest  temperature  / su  rface  finish  is  a 
simple  linear  ratio  from  the  values  for  the  two  greatest  tempera¬ 
tures/surface  finishes. 

•  Interpolation  is  by  ratio  from  the  nearest  adjacent  values,  using 
essentially  the  method  given  by  Wiberg  1, 

•  The  new  description  of  the  surface  is  printed  out. 

(3)  Effective  Values  of  Meat  Transfer  Coefficients 

This  segment  calculates  the  values  for  solar  absorptivity  and 
thermal  emissivity  and  their  ratio,  averaged  over  the  whole  satellite  exterior 
(excluding  projections).  The  calculated  values  are  printed  out. 

d.  Test  Effects 

A  flag  is  set  during  initialization  to  activate  or  bypass  this  module. 

( 1)  Surface  State 

Card  data  are  input  describing  the  physical  state  of  selected 
structural  segments.  Such  data  include  presence  of  deposits,  thickness  of 
deposit  and/or  thickness  of  original  surface,  surface  finish,  and  surface 
temperature.  The  data  are  listed. 

(2)  Optical/Thermal  Surface  Parameters  and  Heat  Transfer 
Coefficients 

The  program  then  returns  to  the  calculation  of  surface  param¬ 
eters  and  coefficients  described  above  in  D,  2c  (2)  and  (3),  and  lists  the 
values  obtained. 

1  K.  B.  Wiberg,  "Subroutine  LCCATN,  "  Computer  Programming  for 
Chemists ,  W.  A.  Benjamin,  Inc.  ,  New  York  (1965). 
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e. 


Identification  of  Exposure  Type 


A  flag  is  used  to  signify  whether  plume  exposure  or  space  exposure 
has  occurred,  or  whether  all  exposures  are  over  and  the  surface  state 
should  be  recalculated.  This  flag  can  be  preset  during  initialization,  or  set 
automatically  when  the  end  of  a  plume  exposure  computation  is  reached.  If 
the  exposure  is  to  a  plume,  a  branch  is  made  to  a  routine  which  identifies 
the  segments  which  are  directly  exposed.  Space  exposure  involves  the  whole 
spacecraft,  and  no  selection  of  segments  is  necessary. 

If  the  flag  indicates  that  the  exposure  is  to  a  space  environment, 
the  computation  is  terminated  because  routines  to  determine  the  effects  of 
space  exposure  have  not  yet  been  included  in  SURFACE. 

f.  Impingement 

The  intercept  of  the  plume  with  the  satellite  is  calculated.  The 
variables  used  are  satellite  configuration,  thrustor  location,  and  plume 
geometry.  The  impinged  segments  are  placed  in  the  array  named  AFFSEG 
(affected  segments). 

The  areas  impinged  by  the  plume  are  functions  of  the  geometry  of 
the  plume  and  the  configuration  of  the  satellite.  In  the  subsequent  sub¬ 
routines,  the  border  of  the  impinged  area  is  found  by  simultaneous  solution 
of  the  equations  of  plume  and  surface,  and  then  the  surface  description  array 
SURDES  is  searched  to  find  all  segments  whose  coordinates  are  on  or  inside 
the  border.  These  segment  identification  numbers  are  put  into  the  array 
called  AFFSEG. 

A  paraboloid  shape  for  the  plume  is  assumed.  The  latus  rectum 
of  the  plume  paraboloid,  which  defines  the  shape  of  the  plume,  is  equal  to 
four  times  P.  P  is  a  function  of  thrustor  size,  configuration,  etc.  ,  and  of 
the  time  in  the  cycle  (pulse  transient). 

The  computation  is  done  in  two  separate  segments.  The  first  is  the 
intersection  of  the  plume  with  the  satellite  surface.  Currently  this  segment 
is  restricted  to  satellites  of  cylindrical  cross-section.  The  second  segment 
determines  the  intersection  with  projections.  The  computation  assumes  a 
plane  surface  on  the  projection,  but  it  can  lie  at  any  solid  angle  to  the  axis 
of  the  plume.  The  configuration  of  the  system  used  for  these  calculations  is 
the  data  originally  entered  in  the  program  (Section  D.  2,  (b)),  There  is  no 
provision  for  recalculating  the  intersection  of  movable  projections  after 
they  have  changed  position. 


g.  Transformation  of  Coordinates 


The  MULTRAN  and  KINC(jflN  subprograms  treat  the  plume  in 
thrustor-based  cylindrical  coordinates.  In  order  to  identify  the  locations 
of  impinged  satellite  surfaces  in  the  plume,  a  transformation  to  satellite- 
based  coordinates  is  performed  on  the  plume  flow  field.  These  calculations 
require  inclusion  of  a  radial  angle  in  the  plume  coordinates  because  the 
cylindrical  symmetries  of  the  isolated  plume  are  lost  in  the  presence  of  the 
satellite  structure.  The  origin  for  measuring  this  angle  is  defined  by  the 
plane  in  which  the  central  axis  of  the  thrustor  and  the  central  axis  of  the 
satellite  both  lie. 

h.  Plume  Impingement  Effects 

(1)  Surface  Properties 

The  physical  and  mechanical  properties  of  the  surfaces  of  the 
affected  segments  are  found  and  entered  in  the  array  SEARCH.  These 
properties  determine  the  type  of  interaction  with  the  plume. 

(2)  Surface  Effects 

The  results  of  the  impingement  of  the  plume  on  the  segment 
surfaces  are  calculated  for  brief  time  increments,  using  plume  characteris¬ 
tics  read  in  at  this  point.  The  only  mode  used  in  program  checkout  has 
assumed  uniform  plume  characteristics  over  all  affected  segments,  but  this 
is  not  a  prog  ram- imposed  limit.  Impingement  on  one  location  by  the  plumes 
from  two  separate  thrustors  fired  simultaneously  is  not  treated;  however, 
sequential  firing  of  two  or  more  thrustors  may  be  treated. 

As  a  first  step,  the  abrasion  wear  is  calculated.  If  the  wear 
depth  is  less  than  0.  1  microinch,  deposition  from  the  plume  is  assumed  to 
be  the  major  process,  and  the  program  branches  to  the  calculation  of  deposit 
formation.  The  results  of  either  process  are  stored  temporarily .  The 
effects  are  then  calculated  for  the  next  time  interval,  using  the  results  from 
the  previous  interval  as  the  base.  When  the  exposure  is  completed,  the  final 
results  are  entered  into  the  array  EFFECT. 

(3)  Abrasion 

All  abrasion  is  assumed  to  be  the  result  of  impacting  particles 
(droplets).  There  are  no  provisions  for  abrasive  wear  resulting  from  gas 
impact  or  for  thermal  ablation.  If  abrasion  occurs,  the  impacting  drops  are 
assumed  to  depart  along  with  the  abraded  surface  material.  There  are  no 
provisions  for  deposition  of  preexisting  drops.  The  wear  relation  used  is 
the  fatigue  wear  term  of  Neilson  and  Gilchrist^.  The  rate  of  material 


.  H.  Neilson  and  A.  Gilchrist,  Wear,  Vol.  11,  pp.  1  1  1-  122  (1968). 
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removed  per  weight  of  impinging  condensed  phase  is  calculated  by  means  of 
tabulated  values  for  the  fatigue  wear  parameter  for  several  materials,  plus 
constants  for  the  equation  used  to  calculate  the  value  at  specific  velocities. 

The  wear  rate  constant  (lbm  material  removed  per  lbm 
material  impinged)  for  a  particular  material  is  a  function  of  the  impingement 
velocity  up  to  a  lower  critical  velocity;  it  then  becomes  constant.  The  criti¬ 
cal  velocity  is  a  property  of  the  material  undergoing  abrasion.  Some  data 
available  suggest  that  there  are  upper  critical  velocities  at  which  the  form 
of  the  wear  equation  changes,  but  the  data  are  insufficient  for  definitive 
application,  therefore  the  program  does  not  model  the  changes. 

In  the  calculation  of  abrasion  effects,  the  droplets  are  grouped 
into  two  size  categories:  the  uncombusted  material  (large)  and  the  con¬ 
densed  combustion  products  (small).  An  average  diameter  is  used  for  each 
size  category. 

Two  effects  are  calculated  —  the  wear  depth  and  the  surface 
finish.  If  the  abrasion  is  sufficient  to  completely  remove  the  surface  layer, 
subsequent  calculations  are  conducted  with  the  characteristics  of  the  newly 
exposed  layer. 

(4)  Deposition 

The  model  used  for  the  deposition  process  is  a  relatively  simple 
one  which  is  an  analogy  between  heat  and  mass  transfer,  based  on  Trebal's 
model^.  Themodel  uses  heat  transfer  coefficients,  without  data  on  mass 
transfer  or  deposition  rates.  However,  the  model  does  not  include  thermal 
effects  of  the  deposition  process  or  of  chemical  reactions  between  deposited 
species . 

The  determination  of  deposition  requires  the  di ffusivitics  of  the 
condensing  species  in  the  gas  stream.  These  are  calculated  from  the  boil¬ 
ing  point,  molecular  radius,  and  density.  The  assumption  is  made  that  each 
condensable  species  diffuses  independently  through  a  medium  consisting 
solely  of  nitrogen  gas.  Next,  using  the  specific  heat,  viscosity,  and  molec¬ 
ular  weight  of  the  plume,  the  Prandtl  number  and  Schmidt  number  are  cal¬ 
culated;  and  then  the  mass  transfer  coefficient  is  determined.  The  deposition 
per  time  slice  is  then  calculated. 

The  program  then  calculates  the  identity  of  the  species  on  the 
surface,  considering  the  species  present,  those  depositing,  and  the  likely 
chemical  reactions  between  them. 

The  calculations  are  repeated  for  the  entire  engine  pulse.  The 
results  of  the  deposition  (species  and  depth)  are  then  entered  in  EFFECT. 

The  surface  finish  (roughness)  of  the  deposits  is  not  calculated  at  the  present 
time;  a  value  of  25  microns  is  arbitrarily  applied  to  each  deposit. 

R.  E.  Trebal,  Illustration  3.4,  Mass  T  rans  l'e  r  Ope  rations ,  2nd  Ed.  (1968). 
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New  Condition  of  Surface 


The  program  returns  to  the  section  which  calculates  the  current 
optical/thermal  properties  as  described  previously. 

D.  3  PROGRAM  OVERLAY  STRUCTURE 

0VERLAY  (HF1LE,  7,  0) 

SURFACE  (H411) 

GETSUR 

MINS UR 

MAXSUR 

INTER 

INTRA 

EXTRAP 

ENTER 

HfDTPAR 

FINER 

CQSRTRN 

WEBBER 

WARD 

REDR  HQ) 

REDR0D 

HCQJNDF 

HCONDO 

RED  VIS 

TRNCOR 

D.  4  SUBROUTINES 

There  are  18  subroutines  used  in  SURFACE.  They  arc  acscrived 
briefly,  in  order  of  appearance  in  the  program,  in  the  following  sections. 
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a.  Subroutine  HC0NDF 

Approximates  the  enthalpy  of  the  condensed  phase  fuel  as  a  function 
of  temperature,  similar  to  HCQ5NDF  in  TCC,  but  with  the-  addition  of  a  term 
for  the  heat  capacity  of  the  solid  phase. 

If 


T  <  M.  p. 


then 


H 


F 


C  x  T 
^solid 


If 


T  >  M.  p. 


then 


H„  =  C  x  M.  p.  -)-  AH.  +  C  x  (T-M.  p.  ) 

F  p  ,  ■  j  fusion  p. .  .  ,  1 

rsolid  1  liquid 

b.  Subroutine  HCC^NDQ) 


Approximates  the  enthalpy  of  the  oxidizer  by  a  method  analogous 
to  the  method  for  fuel  in  HC0NDF  above. 

c.  Subroutine  REDRHQ) 


Approximates  the  reduced  density  of  a  liquid  as  a  function  of  reduced 
temperature  along  the  saturation  line.  Identical  to  REDRH0  in  TCC. 

d.  Subroutine  REDRQ5D 

Approximates  the  reduced  density  difference  (reduced  density  of 
liquid  minus  reduced  density  of  vapor)  as  a  function  of  reduced  temperature. 
Identical  with  REDR0D  in  TCC. 

e.  Subroutine  REDV1S 


Approximates  the  reduced  viscosity  of  a  liquid  as  a  function  of 
reduced  temperature.  Identical  to  REDV1S  in  TCC . 

f.  Subroutine  WEBBER 


This  subroutine  is  used  to  calculate  the  reduced  properties  of  fuel 
and  oxidizer  at  selected  temperatures;  vapor  pressure,  density,  O/F  density 
ratio,  viscosity,  and  surface  temperature.  The  calculations  arc  outlined 
in  Section  A.  2c  (2). 
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g.  Subroutine  GETSUR 

This  subroutine  is  used  to  find  the  optical  and  thermal  properties 
corresponding  to  the  surface  roughness  or  temperature.  The  files  are  first 
searched  to  find  if  the  needed  value  is  entered.  If  it  is  not,  other  subroutines 
are  used  for  extrapolation/interpolation. 

GETSUR  is  also  called  by  subroutine  ENTER. 

h.  Subroutine  WARD 

This  subroutine,  called  only  from  subroutine  GETSUR,  is  used  to 
transfer  all  lower  layers  upward  one  layer  in  the  segment  description  if  the 
data  indicate  a  zero  or  negative  thickness  for  the  top  layer. 

i.  Subroutine  M1NSUR 


This  subroutine,  called  from  subroutine  GETSUR  directly,  or  by 
subroutines  INTER  and  INTRA  in  turn  called  from  GETSUR,  is  used  when 
there  is  no  value  of  a  selected  surface  the  rmal/optical  property  correspond¬ 
ing  to  the  surface  finish  of  interest.  It  searches  through  the  tablulation  until 
the  entry  corresponding  to  the  least  increase  in  finish  is  found. 


j.  Subroutine  INTER 

This  subroutine,  called  from  subroutine  GETSUR  only,  is  used  to 
interpolate  values  for  surface  optical/ thermal  properties  when  no  values 
corresponding  to  the  surface  finish  of  interest  are  available  in  the  tabulation. 
It  searches  to  find  the  closest  lower  and  higher  values,  and  the  corresponding 
roughnesses.  A  factor  is  calculated  from  the  roughnesses 


Q 


*0  ‘  R 


R 


U 


R 


L 

L 


The  surface  property  required  is  then  calculated. 

S(J>  =  (SU  "  SL):"Q  +  SE 

where  S  indicates  the  surface  property,  R  the  roughness,  C  the  property  of 
interest,  L  the  lower  value,  and  U  the  upper  value. 

k.  Subroutine  MANSUR 

This  subroutine,  called  from  GETSUR,  INTER,  and  INTRA  is  the 
mirror  image  of  M1NSUR.  It  is  used  to  find  the  value  of  a  surface  property 
corresponding  to  the  least  decrease  in  surface  finish. 


t 
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1.  Subroutine  INTRA 


This  subroutine,  called  from  GETSUR  only,  is  used  to  interpolate 
values  for  surface  optic  al/the  rmal  properties  when  interpolation  is  necessary 
on  the  surface  finish  entry  as  well  as  the  desired  property  entry.  The  inter¬ 
polation  routines  are  the  same  as  in  INTER. 

m.  Subroutine  EXTRAP 

This  subroutine,  called  from  GETSUR,  is  in  part  a  dummy  sub¬ 
routine.  The  routine  is  to  be  used  to  interpolate  surface  physical  and  chemi¬ 
cal  properties  for  plume  deposits  at  various  temperatures;  however,  for 
most  of  the  possible  deposits,  there  arc  insufficient  data  entered  to  deter¬ 
mine  trends  accurately  enough  for  interpolation.  Only  for  N2O4  and  MMH 
can  properties  be  extrapolated,  and  then  only  the  physical  properties.  Sub¬ 
routine  WEBBER  is  called  for  these  cases:  in  all  others,  a  statement  is 
printed  saying  that  the  extrapolations  cannot  be  performed. 

n.  Subroutine  ENTER 

This  subroutine,  called  from  the  program  SUR  1  ACE,  is  used  to 
enter  changed  surface  conditions  and  properties  of  segments  into  the  files  in 
which  the  original  input  data  are  stored.  The  old  file  is  searched  for  the 
segment  of  interest;  then  the  data  for  the  segment  are  compared  with  the 
changed  data.  If  the  layer  structure  has  changed  (new  or  changed  compo¬ 
sition  layer  from  deposition,  or  layer  removed  by  abrasion),  the  required 
shifts  are  made  in  the  locations  of  the  filed  data,  and  then  the  individual 
items  of  changed  data  are  entered  into  the  correct  locations. 

o.  Subroutine  H0TPAR 

This  subroutine  is  called  by  the  program  SURFACE.  It  calculates 
the  overall  effective  values  for  a,  c  ,  and  the  0 / c  ratio  corresponding  to  a 
particular  set  of  surface  conditions.  Local  values  of  ci,  c  ,  and  the  area  of 
each  segment  are  read  from  the  files.  The  products  of  0  time  area  and  of 
e  times  area  for  each  segment  are  separately  summed,  then  divided  by  the 
total  area.  Projections  such  as  solar  cells  are  not  included  in  the 
calculation. 

p.  Subroutine  F1NDR 

This  subroutine  is  called  by  the  program  SURFACE.  F1NDR  deter¬ 
mines  the  ID  number  and  coordinates  of  all  satellite  body  segments  which  arc- 
wet  by  the  plume.  The  subroutine  is  currently  limited  to  satellites  with  a 
cylindrical  shape  and  plumes  which  are  paraboloids  of  revolution. 

When  specific  values  for  thrustor  location  and  the  latus  rectum  of 
the  plume  are  entered,  the  segments  which  are  wetted  are  determined. 
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q.  Subroutine  C0RTRN 


This  subroutine  is  called  from  thi_  rogram  SURFACE .  It  is  used 
to  transform  coordinates  from  the  satellite  based  X,  R,  0  cylindrical  system 
to  the  cylindrical  system  based  on  any  thrustor  of  known  position.  The 
transformation  is  by  standard  analytical  geometry  equations. 

r.  Subroutine  TRNCOR 

This  subroutine,  called  from  SURFACE,  is  the  inverse  of  the  pre¬ 
vious  one.  It  transforms  coordinates  from  a  thrustor-based  system  to  the 
satellite-based  system. 

D.  5  PROGRAM  USER'S  MANUAL 

a.  General 

The  SURFACE  program  is  the  fourth  link  of  the  CONTAM  computer 
program.  It  may  be  run  as  a  subprogram  to  CONTAM  under  control  of  sub¬ 
routine  EXEC,  or  as  an  independent  program.  It  was  developed  on  a 
CDC  6500  computer  using  FORTRAN  IV  language.  The  SURFACE  program 
requires  175,  OOOg  words  of  core  storage,  Conversion  to  another  computer 
system  should  be  straightforward,  providing  that  sufficient  core  is  available. 

b.  Data  Input 

The  following  input  properties  are  required  for  SURF  ACE: 

Propellant  Properties  and  Thrustor  Characteristics  (INPUT  1) 
External  Materials 
Satellite  Configuration 
Projection(s)  Configuration^  ) 

Structural  Materials 

Propellant  Temperature  (Test  Case) 

Optical/The  rmal  Properties 

Segment  Structure 

Program  Option  Selection 

Modified  Surface  Conditions  (Test  Case) 

Program  Option  Selections 


Pulse  Characteristics 


Program  Option  Selection 
Coordinate  Transformation 


Thrustor  to  Satellite 
Satellite  to  Thrustor 

Molecular  Weight 

Wear  Constants 

Plume  Characteristics 

Velocity  Limits 

Heat  Transfer  Coefficients 

Plume  Physical  Properties 

Plume  Configuration  Change 

DATA  statements  are  not  used  for  numberical  data  inputs. 

The  inputs  are  described  in  the  following  sections.  Table  D-l  at 
the  end  of  this  subsection  is  a  listing  of  the  card  image  for  some  of  the 
inputs . 

(1)  Initialization  Data 

These  are  separate  cards  in  the  FORTRAN  program.  They 
follow  the  heading  INITIALIZE. 


ITEM  NAME 

USE 

INITIAL 

VALUE 

DELTMA 

Variable  time  slice 

0.0 

DELP 

Change  in  P,  controlling  plume  shape 

0.  0 

IGO 

Counter  for  number  of  exposure  cycles 

0.0 

NF1 

Counter  for  number  of  segments  wet 
by  plumes 

0.0 

NTR 

Thrustor  identification  number 

0.0 

ZTEST 

Error  flag;  if  greater  than  zero, 
program  aborts 

0.  0 

INITIAL 

ITEM  NAME 

USE 

VALUE 

RUNFLAG 

Flag  indicating  availability  of 
exposure  data;  0  =  no  data 

1.0 

IA 

Flag  to  indicate  whether  data  to  be 
processed  related  to  initial  conditions 
(IA  =  0)  or  exposure  results  (IA  >  0) 

0.0 

EXTYPE 

Flag  indicating  type  of  exposure; 

-  1  =  no  exposure;  0  =  plume; 

+1  =  space. 

-1.0 

P 

Controls  plume  shape;  P  =  1/4  latus 
rectum  of  plume  parabaloid 

0.0 

ITRNCL 

Flag  for  coordinate  transformation 
calculations 

-l  =  satellite  to  thrustor 

0  =  none 

+ 1  =  both  types 

+2  =  thrustor  to  satellite 

KSTP 

Controls  use  of  DELP  to  change  P 

RLOOPN 

Counter  for  number  of  pulse  slices 
processed 

o.o 

(2)  Propellant  Properties  and  Thrustor  Characteristics 

This  data  input  is  identical  to  that  described  for  the  TCC  pro¬ 
gram  in  Appendix  A,  Section  A.  6,  and  it  follows  the  same  INPUT  1 
procedure.  When  all  the  links  in  the  overall  program  CONTAM  have  been 
installed,  this  input  will  be  deleted,  and  the  data  will  be  read  from  the 
TCC  input. 

(3)  External  Materials  -  Array  NAME 

ITEM  NAME  INPUT  FORMAT  MEANING  OR  USE  UNITS 

NAME  (n)  6H  Names  of  structural 

n  =  1  -  25  Two  cards  materials  and  deposits 

Note:  There  are  many  unassigned  NAME's  for  inclusion  of  new  materials. 
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MUMiKiiaiitiiiiiii 


(4)  Sate 

UitO  Configuration  - 

Array  SURDES 

ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

MIS 

5X,  15 

Number  of  rows  in 
SURDES  =  number 
of  segments 

- 

M2S(=11) 

5X,  15 

Number  of  columns  in 
SURDES  =  number  of 
segment  descriptors 

- 

The 

above  two  items  are 

input  on  one  card. 

TO  TAR 

10X,  F10.0 

Area  of  satellite 

Ft2 

SURDES(M1S,  1) 

£8.0 

Segment  ID  No. 

- 

.  2) 

F8 . 0 

X  -  coordinate 

Ft 

.  3) 

F8 . 0 

R  -  coordinate 

Ft 

>  4) 

F8 . 0 

Theta  coordinate 

Radian 

,  5) 

F8.0 

Area 

Ft2 

,  6) 

F8.0 

X  distance  to  nearest 
plume  vertex 

Ft 

,  7). 

F8.0 

Surface  temperature 

Deg  R 

,  8) 

F8.0 

Height  of  projection 
(if  any)  from  segment 

Ft 

,  9) 

£8.0 

Lambda  direction 
cosine  of  projection 
surface  referred  to 
satellite  axis 

,10) 

F8 . 0 

Mu  direction  cosine 

- 

,11) 

F8.0 

Nu  direction  cosine 

- 

SURDES  (n,  1-10 
There  are  hence 

)  are  on  one  card,  SURDES  (n,  11)  is  on  a  second 
MIS  pairs  of  cards. 

card. 

(5)  Projection  Configuration 

-  Includes  More  Array  SURDES 

ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

PRJN  (n) 

10X,  A6 

Name  of  projection 

- 

n  is  ID  of  satellite  segment  that  projection  is  attached  to 
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ITEM  NAME  INPUT  FORMAT 


MEANING  OR  USE  UNIT 


T  R  X  (in) 


5  X,  F 10.  0 


If  PRJN  =  THRUSTOR,  Ft 


mis  the  counter  NTR 


TRR  (m) 


5X,  F5.0 


TRTHET  (m)  5X,  F5.0 


TRX  is  the  X- 
coordinate.  For  any 
other  PRJN,  TRX  is 
the  area  of  the 
segment  and  its  name 
is  changed  to  AREA 


If  PRJN  =  THRUSTOR  Ft 
TRR  is  the  R- 
coordinate.  For  any 
other  PRJN,  TRX 
is  changed  to  Ml  IS, 
the  number  of 
segments . 


If  PRJN  =  THRUSTOR,  Radians 

TRTHET  is  the  - 

coordinate.  For 

other  PRJN,  TRTHET 

is  changed  to  M22S, 

the  number  of  data 

points  for  the 

segments . 


The  above  4  items  are  on  one  card.  There  are  as  many  cards 
as  there  are  projections.  The  sequence  of  cards  is  interrupted  by  the 
descriptive  cards,  next  detailed,  whenever  the  projection  is  not  a  thrustor. 


SURDES  (n,  1) 

(n  =  MIS  +  1  to  Ml  IS) 

F7 . 0 

ID  No.  of  segment  on 
proj  ection 

“ 

SURDES  (n,  2) 

F9.0 

X-coordinate  of 
segment 

Ft 

,  3) 

F8 . 0 

R-coordinate  of 
segment 

Ft 

.  4) 

F9. 0 

0  -coordinate 

Radians 

,  5) 

F6. 0 

Area 

Ft2 

.  6) 

F9. 0 

X-distance  to  nearest 
plume  vertex 

Ft 

,  7) 

F8 . 0 

Surface  temperature 

Deg  R 

The  above  7  items  are  on  one  card.  There  are  M11S  cards. 
M3S  is  set  equal  to  MIS,  and  MIS  increased  by  Ml  IS. 
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(6)  Structural  Materials  -  Array  MATERAL  and  File  1,  MAT 


ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

MT  IS 

10X,  15 

Number  of  rows  in 
MATERAL 

- 

MT2S 

10X,  15 

Number  of  columns 
in  MATERAL 

- 

The 

above  two  items  are 

on  one  ca  rd . 

MATERAL  (n,  1) 

F3.0 

Material  code  number 

- 

,  2) 

F7.0 

Melting  point 

Deg  R 

,  3) 

E10. 7 

Vickers  hardness 

kg/mm^ 

.  4) 

E10.  7 

Bulk  modulus 

Lb/ in.  ^ 

.  5) 

F6.0 

Surface  tens  ion 

Dyne/ cm 

,  6) 

F8.3 

Heat  capacity 

BTU/lb- 
deg  R 

.  7) 

F8.3 

Thermal 

conductivity 

BTU-in.  / 
ft2-sec- 
deg  R 

,  8) 

E10.  7 

Yield  Strength 

Lb/ in.  2 

,  9) 

F5.  2 

Density 

Lb/ ft3 

The  above  nine  items  are  entered  on  one  card  for 
There  are  MT1S  cards. 

each  segment 

(7)  Propellant  Temperature 

-  Test  Case 

ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

TTANKF 

10X,  F10.0 

Fuel  temperature 

Deg  K 

TTANKO 

10X,  F10.0 

Oxidizer  temperature 

Deg  K 

The  above  two  items  are  entered  on  one  card. 


(8)  Deposits  -  Array  CHEMIC  and  File  3,  CHEM 


ITEM  NAME  INPUT  FORMAT  MEANING  OR  USE  UNITS 


JC1S 

10X,  15 

Number  of  rows  in 
CHEMIC 

JC2S 

10X,  15 

Number  of  columns 
in  CHEMIC 

- 

The  above 

two  items  are 

on  one  card. 

CHEMIC  (n, 

1) 

F8.4 

Material  code  number 

- 

n  =  1,-  JC1S 

J 

2) 

F8.4 

F reezing  point 

Deg  R 

1 

3) 

F8.4 

Density  (solid) 

Lb/ Ft3 

t 

4) 

F8.4 

Critical  temperature 

Deg  R 

> 

5) 

F8.4 

Boiling  point 

Deg  R 

> 

6) 

F8.4 

Heat  of  fusion 

BTU/lb 

> 

7) 

F8.  4 

Thermal  conductivity 
(solid) 

BTU-in.  / 

ft^-sec  - 

deg  R 

) 

8) 

F8.4 

Thermal  conductivity 
(liquid) 

BTU-in.  / 

ft^-sec  - 

deg  R 

) 

9) 

F8.4 

Heat  capacity  (solid) 

BTU/lb- 
deg  R 

} 

10) 

F8.4 

Heat  capacity  (liquid) 

BTU/lb- 
deg  R 

The  above 

10  items  are  on  one  card  for  each  material. 

ITEM  NAME  INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

CHEMIC  (n, 

ID 

F8.  4 

Refractive  index 
(liquid) 

- 

t 

12) 

F8.4 

Molecular  radius 

Angstrom 

The  above 

2  items  are  on 

one  card  for  each  material 

.  There 

are  JC1S  pairs  of  cards. 
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(9)  Optical  Thermal  Properties  -  Array  PRQ5PTY  and  File  2,  PROP 

This  input  recycles  once  for  each  material  entry  in  the  array 
NAME.  It  reads  the  control  cards  (number  of  rows  and  columns),  then  the 
data  cards  for  NAME  (1).  Then  it  recycles  and  reads  the  control  card  and 
data  cards  for  NAME  (2),  etc.  If  NAME  (n)  is  unassigned,  it  proc  eeds 
directly  to  NAME  (n  +  1).  Note  that  the  code  number  for  each  material  (the 
first  column  in  PRQ5PTY)  is  supplied  by  the  FORTRAN  program. 


ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

N1S 

5X,  15 

Number  of  rows  in 
PROPTY 

- 

N2S 

5X,  15 

Number  of  columns 
in  PROPTY 

- 

The  above  two  items  are 

on  one  card. 

PROPTY  (n, 

1) 

Assigned  by 
program 

Material  code  number 

- 

n  =  1  -  N IS 

1 

2) 

F10. 4 

Surface  finish  for 
structural  materials 
or  tempe rature 
for  deposits 

Mu -in. 

Deg  R 

1 

3) 

F10.  4 

Solar  absorptivity 

- 

9 

4) 

F10. 4 

Thermal  emissivity 

- 

9 

5) 

F10. 4 

Diffuse  solar 
reflectivity 

- 

9 

6) 

F10. 4 

Specular  solar 
reflectivity 

- 

9 

7) 

F10. 4 

Thermal  reflectivity 

- 

9 

8) 

F10. 4 

Thermal  conductivity 

BTU-in. 
ft2  -  sec  - 
deg  R 

9 

9) 

F10. 4 

Infrared  transmittance 
(  1  5  mic  ron) 

- 

The 

above  8  items  are  on  one  card  per  surface  finish 

or 

temperature. 


485 


ITEM  NAME 


INPUT  FORMAT 


MEANING  OR  USE 


UNITS 


PR0PTY  (n, 

10) 

F10. 4 

Visible  transmittance 
(0.  5  micron) 

- 

I 

ID 

F 1 0 . 4 

Ultraviolet  transmit¬ 
tance  (0.  1  micron) 

- 

temperature 

The  above  2  items  are  on  one  card  per  surface  finish 
.  There  are  N1S  pairs  of  cards. 

or 

(10) 

Segment  Structure  -  Array  SURDES 

of  row- by -row. 

In  this  deck,  the  array 

is  filled  column-by-column  instead 

ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

SURDES  (n, 
n  =  1,  MIS 

12) 

20F4.0 
(7  cards) 

Code  number  of  material 
in  top  layer,  all  seg¬ 
ments  in  sequence 

- 

> 

13) 

8E10. 7 
(17  cards) 

Thickness  of  top  layer 

In. 

f 

14) 

16F5.  0 
(9  cards ) 

Surface  finish  of  top 
laye  r 

Mu-in. 

t 

n  =  1-9  and 
41-M3S 

25) 

20F4.  0 
(5  cards ) 

Code  number  of 
material  for  2nd  layer 

* 

I 

26) 

8E10. 7 
( 12  cards ) 

Thickness  of  2nd  layer 

In. 

i 

27) 

16F5.  0 
(6  cards) 

Surface  finish  of  2nd 
layer 

Mu -in. 

(ID 

Program  Option  Selection 

ITEM  NAME 

INPUT  FORMAT 

USE 

R UNFLAG 

10X,  13 

If  zero,  go  to  exposure  routines 

If  positive,  go  to  surface  condition 

routines 
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(12)  Modified  Surface  Conditions  -  Test  Case  -  Array  EFFECT 


ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

IIS 

5X,  15 
(one  card) 

Number  of  segments 
with  changed  conditions  - 
number  of  rows  for 
EFFECT 

- 

EFFECT  (n,  1) 
n  =  1-I1S 

G 10 . 6 

X-coordinate  of 
s  egment 

Ft 

.  2) 

G10.  6 

Y  -coordinate 

Ft 

.  3) 

G 10 . 6 

6-coordinate 

Rad 

.  4) 

G 10 . 6 

ID  number 

- 

.  5) 

G10 . 6 

Surface  temperature 

Deg  R 

.  b) 

G 10 . 6 

Top  layer  material 
code 

- 

.  7) 

G10. 6 

Thicknes  s 

In. 

.  8) 

G 10 . 6 

Surface  finish 

Mu  -  in . 

The 

above  eight  entries  are 

on  one  card. 

.  9) 

G10.6 

2nd  layer  material 
code 

- 

,  10) 

G 10 . 6 

Thicknes  s 

In. 

.  ID 

G10. 6 

Surface  finish 

Mu -in. 

The  above  three  entries  arc 
pairs  of  c  ards  . 

(13)  Program  Option  Selection 

on  one  card.  There  are 

IIS 

ITEM  NAME 

INPUT  FORMAT 

USE 

RUNFLAG 

10X,  13 
(one  card) 

See  (11) 

EXTYPE 

(10X,  F  10.  0 
(one  card) 

If:  -  1,  no  exposu  re 

0,  plume  exposure 
+1,  space  exposure 

(14)  Pulse  Characteristics  -  Impingement  Locations 


ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

TRSLOC 

10X,  F 5.  0 

0-coordinate  of  active 
thrustor 

Rad 

TOTIME 

5X,  F 5.  0 

Pulse  duration 

Sec 

The 

above  two  items  are  on 

a  single  data  card. 

P 

10X,  F10.0 

P  is  1/4  the  latus 
rectum  of  the  plume 

- 

The 

above  item  is  alone  on 

a  card. 

ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

NTR 

10X,  15 

Thrustor  number 

- 

P 

10X,  F10.0 

1/4 th  latus  rectum 

- 

The  above  two  items  are  on  a  single  data  card.  One  card  is 
inserted  for  each  impingement  case  of  interest.  The  loop  is  terminated  when 
NTR  is  given  a  value  of  999. 

(15) 

Program  Option  Selection 

ITEM  NAME 

INPUT  FORMAT 

USE 

ITRNCL 

10X,  15 

V 

Selects  which  of  the  coordinate 
transformations  should  be  calcu¬ 
lated.  (See  Initialization.  ) 

(16) 

Coordinate  Transformation  (Test  Case) 

(a) 

Thrustor-Based  to  Satellite-Based 

ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

NTR 

10X,  15 

Thrustor  number 

- 

N 

10X,  15 

Case  number  for 
thrustor  NTR 

- 

The  above  two  items  are  input  on  a  single  card. 
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ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

ZZ(NTR,  N) 

10X, 

F10. 0 

Axial  coordinate  in 
thrustor  system 

Ft 

RR(NTR,  N) 

10X, 

F10.0 

Radial  coordinate 

Ft 

THE(NTR,  N) 

10X, 

F  10 . 0 

Angular  coordinate 

Rad 

The  above  three  items  are  input  on  a  single  card.  The 
subroutine  CORTRN  repeats  the  above  inputs  until  it  finds  a  value  of 
-1  for  NTR. 


(b)  Satellite- Based  to  Th  rusto  r- Based 

The  program  does  not  require  special  input  for  this 
transformation.  It  automatically  uses  the  coordinates  of  the  segments 
identified  as  being  impinged  by  the  plume. 

(17)  Molecular  Weight  -  Array  MQSLWT 


ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

MQSLWT(n) 
n  is  the  code 
number  of  deposited 
materials,  19-25 

7 ( 5X,  F 5 . 0 ) 
one  card 

Molecular  weight  of 
species  in  gas  state 

Lb- 

mole/lb 

(18)  Wear  Constants  --  Array 

SCRPTE 

ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

SCRPTE  (n,  1) 
n  is  code  num¬ 
ber  of  material 

5X,  F 5.  0 

Material  code  number 

,  2) 

10X,  G10.0 

Wear  constant 

Lb  mass  / 
lb 

impinging 

,3) 

5X,  G10.0 

Lower  critical 
velocity 

Ft/ sec 

,4) 

5X,  F10.0 

Exponent 

- 

The  above  four  items  arc  input  on  a  single  data  card.  Input 
is  one  card  for  each  material  in  numerical  order  of  the  material  code. 
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(19)  Plume  Characteristics  (Test  Case) 


ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

NTR 

5X,  15 

Thrustor  number 

- 

SDRPDM(NTR) 

5X,  G 10.  0 

Small  drop  diameter 

In. 

LDRPDM(NTR) 

5X,  G10.0 

Large  drop  diameter 

In. 

SDVEL(NTR) 

5X,  G  10.  0 

Small  drop  velocity 

Ft/sec 

LDVEL(NTR) 

5X,  G10.0 

Large  drop  velocity 

F  t  /  s  e  c 

The 

above  5  items  are  input 

on  a  single  data  card 

SDAIMP(NTR) 

5X,  G10.0 

Small  d  rop 
impingement  angle 

Rad 

LDAIMP(NTR) 

5X,  G10.0 

Large  drop 
impingement  angle 

Rad 

SDMAPS(NTR) 

5X,  G 10.  0 

Small  drop  flow 
concentration 

Lb/ft2 - 
sec 

LDMAPS(NTR) 

5X,  G10.0 

Large  drop  flow 
concentration 

Lb/ft2- 

sec 

The 

above  4  items  are  input 

on  a  single  data  card. 

PMCMP(l) 

1  =  deposite  code 
number  =19-25 

7 ( 5X,  F5.0) 
one  card 

Concentration  of  con¬ 
densables  in  gas  phase 
of  plume 

Lb/ ft3 

(20)  Velocity  Limits  -  for  Material  Wear 

ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

VUP1 

5X,  F10.0 

High  velocity  lower 
critical  limit 

Ft/ sec 

V  UP2 

5X,  F10.0 

High  velocity  upper 
critical  limit 

Ft/s  ec 

The  above  2  items  are  input  on  a  single  data  card. 
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(21) 

Heat 

Transfer  Coefficients 

(Test  Case) 

ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

HTRNH1 

10X,  F10.0 

Heat  transfer  coeffi¬ 
cient  from  plume  to 
surface  at  velocity  G1 

BTU-in. 
ft^-  sec- 
deg  R 

HTRNH2 

10X,  F10. 0 

Heat  transfer 
coefficient  at  G2 

BTU-in. 
ft^-sec- 
deg  R 

G1 

10X,  F10.0 

Superficial  velocity 

Lb/ft2- 
s  ec 

G2 

10X,  F10.0 

Superficial  velocity 

Lb/ft2- 

sec 

The 

above  4  items  are  input  using  a  single  data  card. 

(22) 

Plume  Physical  Properties 

(Test  Case) 

ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

PMTP 

5X,  F10.0 

Temperature  of  plume 

Deg  R 

PMPRS 

5X,  F10.0 

Pressure 

Lb/ in.  2 

PMRHQ) 

5X,  F10.0 

Vapor  density 

Lb/ ft3 

The 

above  3  items  are  input  using  a  single  data  card. 

(23) 

Plume  Configuration  Chang 

e 

ITEM  NAME 

INPUT  FORMAT 

MEANING  OR  USE 

UNITS 

DELP 

5X,  F10.0 

Causes  change  in 
plume  shape 

- 

Table  D-l  is  a  listing  of  the  card  image  for  some  of  the  inputs. 
D.  6  OUTPUT  DESCRIPTION 

The  output  of  the  SURFACE  program  consists  of  a  set  of  tables  which 
contain  lists  of  data  of  interest.  Copies  of  the  tables  (or  portions  thereof) 
are  presented  to  illustrate  the  following  discussion. 

The  first  output  (Table  D - 11 )  lists  the  configuration  of  the  basic  satellite 
and  shows  the  location  of  all  segments  and  projections.  The  second 
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Table  D-I,  Continued 


REPRODUCIBLE 


-»-i  cc  o!ro 


Table  D- 1— Continued 


"•  3,E-  4 

2 _ S.E-  2 

£  5,E-  2 

(»  1«  1» 

n  i6,  i6, 

£  -9.  16, 

fc»  1 o ,  3? i 

T;  is.  4 o , 

T  4*j, 

_ L. _ Ll_ 

c  VI,  10, 

5  1,  It  1 

n,  i 

A  1  ,  “1  ,  1 

K  l.  1.  1 

JLi-1. _ Li _ L 

r  lie-  1 

C  1 , E-  1 


3,5-  4 

_ 5.E-JL 

•  5,1-  2 

a.  i. 

._L£j _ LLi_ 

16,  1&, 

32,  16, 

._!» i _ i  5L 

13,  43, 

4d,  32 , 


i.  , _ ‘j 

.  -1,  -1. 

,  1 .  1 . 

j _ 1j _ Lt 

1.5:-  1 


3 , c-  « 

c  r  _  a 


3,!:-  4 

_ 5-  2 

5,5-  2 
1.  5, 


5 , c-  1 
.5tf_^JL 
5,r-  2 


>  ■! 

5,5- 


5 ,  E-  2 
_5j1-  2. 
5 ,  5-  2 


5.E.  ; 
5 ,f-_j 
5.5-  ; 


,  16,  16.  3?, 

,....^j*.t_.32;._4', 

32,  49.  32, 

,  32,  32'.  32, 

i _ lib _ LT.. _ ilx. 

,  1?,  1C'.  16, 

> .  - 1 ,  1 , 

- 1 ,  -  i  ,  - 1 ,  i , 
i .  i .  i .  l . 

-Li _ .1 , _ .1  ■ _ _L  i_ 

..5-1  1,5-1 

L  ,E-  1 _ «1., _ 

1,5-1  -1 . 

-1 ,  -1 . 

_tJ.j _ _  ri , . 


1. 

It, 

16, 

16, 
_ *  6 . 

16, 

JLLi. 

16. 

36. 

16, 
_ 1.6_i_ 

16, 

16. 

16 

_14_ 

32. 

16, 

22. 

16. 

16. 

32. 

16. 

32. 

lo , 

3’, 

5.6, 

16, 

32. 

16, 

32. 

16. 

?2,_. 

4 

_ 43,  _ 

.32, 

_«3,_ 

_32, 

.  4^j _ 4jB_ 

4c  , 

4-», 

4d, 

4*:. 

4  3  . 

4s, 

4e, 

40, 

32. 

2:, 

,2 , 

32, 

32. 

1. 

l. 

1 

_ U 

1 ,  1 ,  l , 

1 ,  1 .  1 , 

—Li _ Li  — Lt. 

1,5-  l 


_-l  i _ 

1  ,  f:  -  1 
1,5-  1 
_r  1 » _ 


L, _ LD., _ i± 


-I,.  i . _ - 1 1_  ?  i 

3 .  i .  i .  i .  l .  i .  l . 


’  ,  3  . 

-l_i _ L,._ 

1,5-1 

_L,E-_L_ 

•1 , 

•1 . 

i  ■  ?•  1 


1  ,  1 ,  1 , 


1.5-  1 

-1j 

-1 

L,  =• 

-1 . 

1,5- 

1,5-  0 

-1 1 

U.-.JL... 

_l.,55 _ 

■  55  0 

1,55  C 

1 

1 

• 

II 

w-4 

4 

1 

1 

,  £  - 

1 

1 , - 

1 

1,5- 

1 

1,5- 

1,5-  1 

1,5-  1 

1 

,5-  C 

1  ,£• 

1 

1 

,  5  - 

1 

?  ,"- 

1 

1,5- 

1 

1.5- 

1,6-  1 

_ 1.5-  1 

_  3. 

i  c  1 _ 

.1,5- 

1 

_ 1 

,F- 

_ 1. ,  ' 

_ l.,5-. 

3 

-1,5- 

1,5-  1 

1.&-  1 

4 

X 

,5-  1 

1  ,5- 

1 

1 

, r  - 

1 

?.  =  • 

1 

1.6* 

1 

1,5- 

1,5-  1 

1,5-  l 

1 

,p-  1 

i,c- 

1 

, 

•  c  - 

1 

*  , c- 

i 

1,5- 

1 

1,5- 

3.6, 

-1 , 

lo  , 

-1  , 

•1. 

16  , 

•1. 

16, 

-1. 

-1  , 

3  6, 

-.1, 

16. 

-1 , 

-1. 

16 

-1 . 

lAt_ 

-1 1 

1  6 . 

-1  . 

1  b . 

.  -1 1 

-1. 

16, 

-.”1  •_ 

-1. 

-1  . 

1*. 

16, 

16 

3  6. 

16, 

1c, 

16, 

16 , 

16, 

“  16. 

16, 

io. 

IS 

1  e , 

1  6  , 

13  . 

16, 

16. 

16 

IS. 

i'*, 

1  3  . 

i’j  , 

1 6 , 

1  , 

i.  6  , 

16 , 

i  u  , 

1 

-<j  > 

i  '  , 

1 6 . 

*  >  1 

1 U  > 

It 

_ _  ii _ 4JLi_ 

r'.  iTLAGs  3 
113a  10 


..it _ Jli _ 2,. 


—  t~  i  ■  -  .....  I  ...  .  -  2.|  ''-I  —  — —  J—  —  *  . 

OPTtOH  SRtCCT' 
wifi  BP  sonFKce  cajv&sr/et'S 


±,325 _ 

-1 . 
5,325 

1. 

1 ,  c  n  0 
'1  , 

1,0"? 

...  .1 

1,1 7"  on. _ ■ 

"1 . 

0.74  248 
...  .  ..3V,  .  . 

42, 

•  1  1 

..._  6t,r, 

61V,  ' 

4  . _ 

v, 

J.f  "S 

.  192 

3  00  , 

60. 

5,325 

1,60" 

i  ,c 

5*2. 

6i>r , 

1  , 

6.095 

250. 

•1 . 

-1 . 

“1 1 

.  ..  "I. 

-i. 

.  -i, _ 

53. 

'■  1  f , 

_0| 

.00 

"0. 

1, 

6,325 

<J  1 1 
1,603 

3'5 1 

:  ,  ",  124  3 

61. 

76", 

1  • 

|J  .  3  9  n 

56. 

-1 , 

1 

"3  . 

3,32s 

1  ,  l>  0  0 

i  ,  57050 

*  2 , 

TyH  , 

4 

1  t 

0.079 

190, 

_ 6 , 325 _ 

-1 , 

7,325 

5  -1 . 

1 ,004  2,39011 

-i, 

1.600  1,5 /til 

.  _  ...  "J  j _ 

63. 

ri, 

rr  , 

6  3'’  , 

4 

‘  1 

1  , 

I) ,  000 

-  U  •  0  5 

56, 

°0, 

3.32s 

1.60-1  L,r./60; 

-2, 

61V, 

1  , 

l-.l 

O0, 

-1 , 

-1,  -1, 

,  9,325 

1,61/1  1  ,c7t0'i 

^2, 

‘>80, 

*'  • 

."•;57 

32, 

1. 

!’> ,  1  •; , 

w  «  «. _ _  _ 

■?i.  J f  L  A  G 

<S  P  T/c/V 

,  :-XTV«E  s 

, 

S  6  L&CT. 

Tit'iL-ii;  = 

'-,0  TJTVb  j.U5 

~  pot  *e 

2 

CHftfiPCT. 
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1 
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1 
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“1 
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I* 

2,3  CS TSC«3Trs 
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1* 
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1* 
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SLOPE 
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1  - 
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-i.  Vr-tvs 
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Sl.Q°E 
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I* 
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SLOPE 
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pTto#  ~seti*c h . 

m  «  «  v  t  •  1 

eo**p, 

r  *wnn. 


*20*  1*._  MOl  WT.„. 

V/64R 

co/*sr**T$ 


e,1  CSTaC^PTE 
9jJ!_C  3  T  S  C  -1 0  T  ~ 
~1  a ,  3  f!  5  "f  a  C  T  S 


1.2c4V!'!Ns 

1.2r:4VK  p.s 
1.5?5VVt,vs 
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2,L?S)L0'»fc_-?i.?_ 
itt-^SLO3*;  -5,5 


1* 
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22*. 

_ 

SLOPE 
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I* 
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l,'4Vr.j,se 
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•3, 
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?2,0‘STSC:-icT4'a 

l,S4Vr'P,» 

7V  , 

Slope 

■  1 

I* 

23t3'1STaC,;PT.<a 

l,*4Vf.T\s 

p  2  i , 

SL0'Jc 

ml  t 

rt 

I* 

24,c:STi:„PT.}s 

i,~4V*T\s 

7c‘ , 

SLO^C 

-  \  f 

ft 

1  = 
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Table  D-II 


SATE  L  LIT  lil  CONFIGURATION 


P> 


S  E 

Q  h  E 

N  T 

twit* 

(R10> 

area 

(SOFT) 

X  BIST 
segment 
to  flume 

VERTEX 

(FT) 

surface 

TIMBER 

ATURE 

(DEU  R) 

HEIGHT  OF 
PROJECTION 
(FT) 

direction  eosjNi* 

OF  NORMAL  TO 
PROJECTION  TANMNT 
plane 

lambda  mu  nu 

Jy 

NO, 

"X 

COORD . 
ITT) 

C00R0 , 
(FT) 

i 

0.000 

0,000 

YVTTTVTVT1 

0,00000 

1 

•  3,600 

320,0 

m m 1 1 vt itt 

•l,  0 

•1  •  0 

•1,0 

•  1,0 

2 

,303 

,390 

1,04720 

1 

•  3,295 

5  2  u  ,  0 

•1 , 0 

•1,0 

•1 , 0 

•  1,0 

3 

,303 

,390 

3,14159 

1 

•3,294 

370,0 

•1 , 0 

•1,0 

•1,0 

•  1 , 0 

4 

,303 

,390 

9,23600 

1 

•3,794 

320,0 

•1 , 0 

•1 , 0 

•1 , 0 

•  1,0 

3 

,620 

1,200 

,62930 

1 

•2,930 

••2,987 

370, u 
570 ,'  3 

•1 , 0 

•1 , 0 

•1,0 

•  1,0 

-  -,-680 

It*  of 

1 ,»8*R6- 

1 

*1,0 

~»t  ,8 

w  1 1  0 

"1 , 0 

7 

,620 

1,200 

3,14139 

1 

•?, 980 

37w,  0 

■1.0 

•1,0 

•1 , 0 

■  1,0 

e 

,620 

1,200 

4,3991? 

1 

•2,980 

37  J ,  0 

•1.0 

•1 , 0 

•1 1  0 

■1 , 0 

9 

,620 

1,200 

5,65460 

4 

•2,98o 

!>2u,0 

•1,0 

•1 , 0 

•1,0 

■1,0 

10 

1,323 

1,600 

,91416 

i 

•7, 273 

320,0 

•  1 1  0 

•1,0 

•1,0 

■  1,0 

11 

1,323 

1,600 

,94245 

1 

•  2,275 

3?w  ,0 

■1,0 

•1 , 0 

•1,0 

•  1,0 

• t * 

1AM 

1 ,6Qfl 

1,47086 

1 

•*,273 

320,0 

•  1,0 

•1 , 0 

•1  ,3 

•  ■*1,0* 

13 

1,325 

1,600 

2,19911 

1 

•2,275 

370,0 

•1,0 

•1,0 

■  1,0 

■  1 1  0 

X* 

1,323 

1,600 

2,02743 

1 

•7,274 

37  j  , : 

•1,0 

•1 , 0 

•1,0 

■  1,0 

15 

1,323 

1,600 

3,4337s 

1 

•2,775 

37  0,0 

•  1 1  0 

■1 1  0 

•  1,0 

■  1,0 

16 

1,323 

1,600 

4,78407 

1 

•9,775 

59.  ,  0 

•  1,0 

•1 , 0 

•1,0 

•  1 1  0 

17 

1,323 

1,600 

4,71246 

1 

•7,275 

5  ?w,0 

•1,0 

•1,0 

•1,0 

•  1 1  0 

18 

1,323 

1,600 

5,34670 

1 

•7,775 

320,0 

•  1 ,  0 

•1  ,'0 

■1,0 

•  1 1  c 

19 

1,323 

1.60O 

3,96902 

1 

•2, 775 

3  2  u  ,  0 

-1.0 

•1,0 

•1 , 0 

■1.0 

2.7 

2,325 

1,600 

,31416 

1 

•1,775 

3  7  .  ,  0 

*1,0 

•1 , 0 

•1 , 0 

■1,0 

21 

2,323 

1,600 

,04746 

1 

•1,275 

32o,0 

■1.0 

•1,0 

•1  ,  n 

■  1,0 

22 

2,325 

1,600 

1,47086 

1 

•1,77S 

t)  ^ ,  ; 

-1.0 

•1,0 

•1  ,  0 

•  1,0 

23 

2,325 

l ,  6  o  n 

2,19911 

1 

•1,275 

S7J.0 

-1,0 

•1 ,  0 

•1,0 

•  1,0 

-*4~- 

2*325 

1,609 

P,»2743 

1 

•1,275 

3p v ,  0 

•1 ,  0 

-1 , 0 

•1  ,  9 

•1,0 

25 

2,325 

l ,  6  o  r 

!,45S7S 

1 

•1,275 

32.  ,  j 

-1,0 

-1 ,  0 

•1 , 0 

•  1,0 

26 

2,323 

1,600 

4,08407 

1 

•1,27! 

57., : 

-1.0 

-1,0 

•1  ,  n 

•  1,0 

27 

2,323 

1.60O 

4,7i?4n 

1 

•1,275 

52o,  0 

•1,0 

•1,0 

•1  ,  0 

•1 , 0 

28 

2,323 

1,600 

3,3407" 

1 

•1 ,975 

(  u 

•1.0 

•1 ,  0 

•1,0 

•1,0 

29 

2,325 

1  ,600 

5,96907 

i 

-1 ,275 

3  ?  •  ,  . 

-1 1  0 

•1  ,  0 

•1,0 

•1.0 

-36- 

3,325 

1,600 

.'1416 

1 

-.275 

3  2  0 , 0 

1,9 

not 

APPLICABLE 

31 

3,323 

1,600 

,9424= 

1 

-,  975 

9  7.,; 

•  1,0 

•1 ,  0 

•1  ,  n 

•1 1  0 

32 

3,325 

1,600 

1,47-8- 

1 

•  ,  97S 

5;.,: 

1.5 

LOT 

APPL ICAPLF 

33 

3,323 

1,6-00 

2,19911 

1 

•  ,  2  7  5 

3?.,  j 

-1 ,  0 

-1 ,  3 

•1  ,  0 

•  1 ,  c 

34 

3,325 

1,600 

2,  =2743 

1 

-  ,  775 

9  7.,; 

-1 ,  0 

•1 .  j 

•  1 ,  n 

-1,0 

35 

3,323 

1,600 

3,45475 

1 

.,775 

3?.,  o 

1 

NO) 

APPLICABLE 

-W- - 

1  JLfll  .. 
v  | 

ty«A9 

4,-8457 

1 

• ,  775 

3»o  ,  0 

•1  •  0 

•1 1  0 

-1,0 

•  1,0 

37 

3,325 

1 , 6  00 

4,7124- 

1 

”,  2  75 

i  'J 

1.5 

NOT 

APPL1CAPLE 

38 

3,323 

1,600 

5,34077 

1 

”  ,  9  7  S 

52.,  : 

-1.0 

-1,0 

•1  ,  o 

•1,0 

39 

3,323 

1,600 

5,66907 

1 

•  ,97S 

570,'; 

•  1 1  0 

-1 , 0 

•1,0 

•  1,0 

40 

4,323 

1,600 

.71416 

1 

,  725 

^  ,  0 

-1,0 

•1 ,  0 

•1,0 

•  1,0 

41 

4,323 

1,600 

,94249 

1 

,72? 

5?  ;  ,  J 

-1,0 

•1,0 

-1,0 

•1,0 

•48— 

4!  329^- 

1,889 

1,37686 

1 

1  7  25 

3?o, ‘J 

•1 , 0 

•1 1  0 

•1  , 0 

•  1,0 

43 

4,323 

1 ,600 
1,600 

2,19911 

1 

,725 

5?. , ; 

-1,0 

-1,0 

•1,0 

•1.0 

44 

4,323 

2,02743 

1 

,  725 

5?„,  0 

•1,0 

•1,0 

•1,0 

•1,0 

43 

4,323 

1,*00 

3,65575 

1 

,725 

37;,  0 

-1,0 

-1  ,  0 

•1  ,  0 

•1,0 

46 

4,323 

1,600 

4 ,  -  8  ?  C  7 

1 

,725 

3  7  0,0' 

-1,0 

-1,0 

•1  ,  0 

•  1,0 

47 

4,323 

1,600 

4,71740 

1 

,725 

5  2  j  ,  .1 

-1.0 

-1,0 

•1  ,  0 

•1,0 

>8 - 

•tW- 

—  1-.80? 

5-,-?40?6 

1 

,725 

3  6  0,0 

•  1 , 0 

•1,0 

•1 , 0 

•1,0 

49 

4,323 

1,600 

3,96902 

1 

,  7 05 

5  2  0,.; 

•1,0 

•1,0 

•1 ,  n 

•1  ,  0 

50 

5,323 

1,600 

,31416 

1 

1,725 

3  7  0,0 

-1,0 

•1,0 

•1  ,  0 

•  1,0 

51 

5,323 

1,600 

,74248 

1 

1,725 

57  0 , 0 

•1,0 

-1,0 

•1  ,  0 

•  1,0 

52 

5,325 

1,600 

1 ,5708n 

1 

1,725 

99..- 

-1,0 

•1,0 

•1,0 

•  1,0 

53 

5,325 

1,600 

2,19911 

1 

1  ,725 

97J, 

•1,0 

-1,0 

•1,0 

•  1.0 

5  ,W> 

4  1^6 

A  |  ^  VW 

O  '1  -2  *  *  *» 

•1 

1,725 

■  '  |  li 

•<•>  0 

"1,4 

•1,0 

•l,S 

mot  reproducible 
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99 

98 

— 97-  - 

96 

99 

9,329 

9,329 

»r329 

9,329 

9,329 

1,600 

1,600 

1,608 

1,600 

1,600 

1,45879 

4,01407 

4,71840 

9,34070 

9,46902 

1 

1 

1 

1 

1 

1,?29 

1,?25 

1,925 

1,925 

1,925 

5?U,Q 

920,0 

920,0 

920,0 

920,0 

•  1,0 
•1,0 
•1.0 
•1,0 
•1.0 

•1  •  0 
•1,0 
•1,0  - 
•1,0 
•1,0 

•1,0 

•1,0 

•1(9 — 

•1,0 

•1,0 

■1,0 
*1,0 
•tvO 
•  1,0 
•1,0 

- 66 

6,6t6 - 

17668 — 

, 91418 

1 

f  1 

- 5? v , 0 

■1  #  w 

W1 1  w 

•X  1“ 

>1  •  w 

61 

6,329 

1,400 

,94248 

1 

2,925 

920,0 

■  1 , 0 

•1,0 

•1,0 

■1,0 

62 

6,329 

1,600 

1,97080 

1 

2,925 

920,3 

•  1 , 0 

•1,0 

•1,0 

•1.0 

63— 

6,329 

1,600 

*,19911 

1 

2,925 

920,0 

•  1,0 

•1,0 

•1,0 

•1,0 

64 

6,329 

1,600 

2,82743 

1 

2,925 

920,0 

•  1 1 0 

•1,0 

■1,0 

•1,0 

69 

6,329 

1,600 

3,49979 

1 

2,929 

920,3 

•  1,0 

•1 , 0 

•1,0 

•1.0 

- 66 - 

-6.7  9t9~ 

1 1  ^0© 

■*7  1-9*9?- 

1 

7, 

-  -920-^0 

•1 , 0 

•tfO 

•1  •  0 

'■1 , 0 

67 

6,329 

1,600 

4.71241 

1 

2,929 

920,0 

■1,0 

•1,0 

•1,0 

•  1.0 

68 

6,329 

1,600 

9,34071 

1 

?  1  929 

920,0 

•1,0 

■1,0 

•1,0 

•1.0 

69 

6,329 

1,600 

9,46902 

1 

? ,  929 

520,0 

•1,0 

•1,0 

•1,0 

■  1,0 

70 

7,329 

1,600 

,31416 

1 

3,729 

9  2  u  ,  0 

■  1.0 

•1,0 

•1,0 

•  1,0 

71 

7,329 

1,600 

,94248 

1 

3,729 

5  2  0  ,  j 

■  1.0 

■1, 0 

•1 1  o 

•  1.0 

-ft - 

-7-.9E9- 

-t',666 

1t9T686 

1 

-Si-*** 

92v,0 

•-lrfr- 

— «4  ,U 

-•1,0  - 

-*1tC 

73 

7,329 

1,600 

2,19911 

1 

3,729 

5?u,0 

4.0 

,9820 

,1010 

,0500 

74 

7,329 

1,600 

2, *2743 

1 

3,729 

9  ?  0 , 0 

•  1.0 

•1,0 

•  1 , 0 

•  1  ■  0 

79 

7,329 

1,600 

3,49979 

1 

3,725 

92w,0 

•1.0 

•1,0 

•1 1  0 

•1.0 

74 

7,329 

1,600 

4,18407 

1 

3,725 

5?-  ,  0 

■  1,0 

•1,0 

•1 ,  0 

•  1 1  0 

77 

7,329 

1,600 

4,71241 

1 

7,725 

.  C 

•1,0 

•1,0 

•1,0 

•  1,0 

— f«-  - 

-?Tm- 

—  1-.40P 

9,340?'' 

1 

3,925 

990 , 0 

•1,0 

•1, 0 

'  -*V,  0- 

•1 ,0 

79 

7,329 

1,600 

9,06902 

1 

7,725 

52J.C 

■1  ■  0 

•1,0 

•t ,  ft 

•1,0 

80 

8,329 

1,600 

,?1A16 

1 

*,725 

5? . ,  J 

•1,0 

■1 , 0 

•1,0 

•1  ■  0 

Bl 

8,329 

1,400 

,94248 

1 

*,725 

92o,0 

•1 . 0 

.  •1,0 

•  1 ,  p 

•1.0 

82 

8,329 

1,600 

1,97088 

1 

*  ,725 

5?.,:' 

•1,0 

■1,0 

•1 1  ft 

■1,0 

83 

8,329 

1,400 

2,19911 

1 

8,725 

59.,  3 

•1,0 

•1,0 

•1 1  ft 

•1.0 

—  64 — 

-6,328— 

— 1-1*80 

?,°2T43 

1 

4,7  26 

9  ?u,0 

•1 1  0 

•1,0 

•1,0 

•1,0 

89 

8,329 

1,400 

3,45978 

1 

*  ,725 

59.  ,  j 

•1,0 

■1,0 

•1 1  0 

•1,0 

86 

8,329 

1,400 

4 , 1 94  0  7 

1 

A,  7?5 

5?.,  ' 

•1.0 

•1,0 

•  1 ,  n 

•1.0 

87 

8,329 

1  .*00 

4,7l?4i 

1 

*,725 

5?w ,  j 

•1 . 0 

•1,0 

•1,0 

■1 . 0 

88 

8,329 

1  ,400 

9,3407" 

1 

A, 725 

5? .  ,  j 

•1,0 

•1,0 

•  1 ,  ft 

•1 1  0 

89 

8,329 

1,400 

9,9690? 

1 

a,  725 

5  <  »  |  ’J 

•  1,0 

•1 , 0 

•  l  1  n 

■1,0 

— 9f - 

tr*1HT-' 

.41*16 

1 

4,725 

9?v , ') 

•1 ,0 

•1,0 

•1 1  0 

•  1  ■  3 

91 

9,329 

1,600 

,Q4248 

1 

■<,725 

59-  ,  J 

•1.0 

•1,0 

•1  ,  0 

•1.0 

97 

9,329 

1,600 

1.92180 

1 

",725 

52-,.. 

•1 . 0 

•1,0 

•l  1  ft 

■  1,0 

93 

9,329 

1,600 

2,19411 

1 

4,725 

9?u,‘J 

•1,0 

•1,0 

•1 ,  0 

•1,0 

94 

9,329 

1,600 

2,82743 

1 

4,725 

5?  j  ,  ^ 

•  1,0 

•1 , 0 

•  1 ,  n 

•  1,0 

98 

9,329 

1,600 

3,45979 

1 

4,725 

59..1 

•  1,0 

•1,0 

•1 1  0 

-1,0 

- 66 - 

-*v3*8- 

lr6(W' 

4, ‘'849? 

1 

4 ,  ?25 

5?o,:! 

•1,0 

•1,0 

•1  I  0 

■1 , 0 

97 

9,329 

1,600 

4,71240 

1 

c,929 

5?.  (  J 

-1,0 

•1,0 

•1 1  ft 

•  1.0 

98 

9,329 

1,400 

9,3407" 

1 

4,725 

^  2  *  •  0 
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NOT  REPRODUCIBLE 


(Table  D-III)  provides  data  on  the  projections  present,  identifying  them  as  to 
type  and  location.  Items  which  themselves  are  considered  to  consist  of 
segments  have  their  structures  detailed. 


The  next  few  outputs  (Tables  D-IV  to  D-VI)  consist  of  listings  of  proper¬ 
ties  of  materials;  structural  materials,  propellants,  deposits  (not  illustra¬ 
ted),  and  thermal/optical  properties  (only  first  page  of  listing  included). 

Table  D-VII,  a  partial  listing,  shows  the  structure  of  tire  segments  of 
the  spacecraft,  with  the  materials  called  out  for  each  segment. 

The  first  output  showing  results  of  program  computations  is 
Table  D-V1II.  In  this  table,  the  structure  and  thermal/optical  properties  for 
each  segment  in  its  initial  condition  are  detailed.  Table  D-JX  presents  the 
effective  absorptivity,  emissivity,  and  their  ratio  for  the  complete  satellite. 

The  set  of  changed  segment  surface  conditions  which  were  input  as  data 
are  listed  in  Table  D-X,  and  the  effect  that  these  changes  have  on  the  seg¬ 
ment  properties  is  printed  in  Table  D-XI.  Note  the  changes  in  segments  51, 
52  and  53  (see  Table  D-Vlll,  and  D-Xl),  and  the  way  the  changes  correspond 
to  the  input  shown  in  Table  D-X.  The  effect  on  the  spacecraft's  thermal 
condition  may  be  noted  by  comparing  Tables  D-IX  and  D-Xll. 

The  calculated  impingement  of  the  plume  on  the  satellite  for  various 
plume  geometries  and  nozzle  selections  is  given  in  Table  D-XI11,  while 
D-XIV  shows  the  results  of  coordinate  transformation  calculations.  The 
inputs  to  the  thrustor-to-satellite  table  are  arbitrary  selections,  but  those 
for  the  satellite -to -thrustor  transformation  are  the  segments  impinged  by 
the  plume  (Table  D-XIII). 

The  mechanical  properties  of  impinged  segments  are  presented  in 
Table  D-XV,  and  Table  D-XV1  lists  the  wear  constants  of  all  materials  of 
interest. 

The  important  characteristics  of  the  plume  which  relate  to  damage  to 
the  satellite  surfaces  are  given  in  Table  D-XV11. 

The  output  after  calculating  the  effects  of  the  plume  on  the  surface  has 
the  same  format  as  that  from  the  arbitrary  changes  (Table  D-Xl);  there¬ 
fore,  no  copy  is  presented. 
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Table  D-IV.  PROPERTIES  OF  STRUCTURAL  MATERIALS 
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Table  D- VII.  SPACECRAFT  EXTERIOR  MATERIALS— SEEK 
VALUES  INPUT  FOR  INITIAL  CONDITIONS 


SE3MENT  TEMRERaTURS  TOP  LAYER 


2  •  N  D  LAYER  J  •  R  D  L  *  Y  «  R 


(OES  R ) 


(P)  ( MU«IN ) 


(IN)  (MU«IN) 


(IN)  (MU«IN) 


58o .  00 
320,90 
*20,00 
3*0.00 

320,00 
320,00 
*20,00 
320,00 
320, QO 


O0L0 

SOLD 

SOLD 

MpOOW 

GOLD 


,  0003 
.  0003 
.  0003 

1.3000 

.  0003 


- 18 - 

3*8708— 

- 

■■,'1808 — 1-8788- 

— NftNE - 

■•17888b 

■  ••17  88 —  -MClrt - 

•t'i  0000 — •1t88' 

11 

32o, on 

*LUM  P 

,mon 

16,00 

NONE 

•1,0000 

•  1.08 

NONE 

•1  1 0000 

•1 1  00 

12 

*20, 0C 

ALUMp, 

.1008 

16,00 

none 

•1,0000 

•  1.00 

mQNE 

•1,0000 

•1,00 

13 

320.00 

ALU“P 

.1001 

16,00 

NONE 

•i  ,0000 

•  1,00 

none 

•1,0000 

•  i  i  oo 

1A 

*20,00 

ALUMP'  ■ 

.loun 

16,00 

none 

•1,0000 

•  1.08 

NONE 

•1,0000 

■  1,00 

13 

320,00 

ALUMp 

.1001 

16,80 

none 

•1,0080 

•  1.08 

NONE 

•1,0000 

•1,00 

'  16 

~5*0  *  00 

■,-mf 

Proe- 

NCtft- 

•1 78880 

-»T780" 

— none - 

'*178808 

■-•1700 

17 

*20,08 

A  L  U  w  P 

.  lion 

16,00 

NONE 

•1,0000 

•1.00 

NONE 

•i-.oooo 

•1,00 

IS 

*20.00 

ALUMp 

.  lion 

16,00 

none 

•  1  ,  0  0  0  0 

•1.00 

NONE 

•1,0800 

•1,00 

19 

*20.08 

ALUMp 

.1101 

16,00 

nine 

•1 , 001« 

•1.00 

NONE 

•1,0008 

•1,00 

20 

*20.0" 

ALU-P 

.1000 

16,00 

none 

•li  GQCu 

•1,00 

NONE 

•i.oooo 

•1,CU 

21 

*20.00 

ALUMp 

.1801 

16,00 

none 

•1  ■  0  0  r>  J 

•1.08 

m0»'E 

-1,0000 

•  i,no 

- ft- - 

3*0 .08 

rtr80 

-MCNf- 

•1 1 0017 

■  ••t'.Uft" 

"Oit 

•1,0800 

-•17  00 

23 

*20.08 

PR8RT 

,2101 

2,30 

NONE 

-l  i  nor  j 

•1,00 

i  ONE 

•i.oooo 

•1,80 

24 

*20.00 

ALUMp 

.1008 

16,80 

none 

•1,0000 

•1.08 

'.'ONE 

•1,0000 

•i,no 

2* 

*20.00 

AL'JMp 

.1001 

16,80 

none 

•1 , OOOo 

•1.08 

NONE 

•ltoooo 

•  l  .no 

26 

32  u . 0  0 

ALUMp 

.1800 

16,00 

none 

-It  OQOy 

•1.01 

NONE 

•liooon 

•1,10 

27 

s?o,on 

ALUHp 

.1000 

16,00 

none 

•1 i 000 j 

•1.0" 

,'ONE 

•1,0000 

•1 ,80 

*20,00 

*20,00 

*20.00 

320.00 

*20.00 


~AtU“P 
Alumjn 
»LUMp 
ALUMp 
*LUM  P 

ALUMp 


.1000  10,00 

.100!  1* i 00 ' 


?£U|UV  R"UC  |BU»P  Je'iUU  •b.’Pl* 

-■--own-  - — *X3»r6- — 

14a  nA  ju  l  f  B  ■  a  A  a  *  «*  An  i  ,  i  iu  •  ki 


>20.00 

320.00 

5*0,00 


HHITi 

ALUMP 

ALUMp 


>20.00  WWJTg 
*20,00  ALU*P 


320.00 

320.00 


ALUMp 

»LUHJN 


3*0.00  MWJY* 
*20,00  ALUM  JN 
*20,00  AHJTE 


*20,00 

*20,00 


ALU1!  I  N 
RWjTE 


3*0,00  AUPP 
*20,00  UVP0RT 
*20,0  0  ALUMp 

>*0.00 — slack 

320,00  «MJT£ 
320,00  SLACK 
320,00  »*A*  J  T6 

320,00  BLACK 
320,00  BLACK 


,0030  32,00 

.1000  10,00 
.1000  10,00 
,0030  32,00 

,1000  10,00 
■  0030 — 32,00 
,1000  10,00 
.1000  10,00 
,0*30  32,00 

.1000  10,00 
,  0  030  32,00 

.  1000 — p-,30" 
.1000  10,00 
,0030  32,00 

.1000  10,00 
,300(1  ,30 

.1000  10,00 
',00*0 — Aft  ,'OC ' 
.00*0  32,00 

,  0  n7  n  4* ,  oo 
,08*0  32,00 

,0070  AA , 00 


ALUMp 

ALUMP 
ALUMP 
■ALUMP 
ALUM  IN 
ALUMP 
ALUMP 
NONE 
alum  In 


35 

320.08 

ALUMp 

.1001 

16,00 

NINE 

•1,001- 

•1.08 

NONE 

-1,0008 

•1,80 

36 

*20.00 

ALUMp 

.1080 

16,00 

NONE 

•1 i 009k 

•1.01 

NONE 

•1,0008 

•1,80 

37 

*20.00 

ALUMp 

.1000 

16,00 

none 

•1,8010 

•1.0" 

NONE 

-1,0008 

•1.10 

36 

*20.00 

ALUMp 

.1001 

16,00 

NOnE 

•1,801V 

•1.01 

NOME 

•1,0000 

•1,"0 

39 

320,00 

‘LUMP’ 

.1801 

16,00 

none 

-1,0000 

•1.01 

•-one 

-1,0000 

•1,00 

— Ml— 

- 3fOrOO— *ttW - 

•■-1881' 

-16l8u 

none- 

•1 ,60"') 

•1.01- 

NOME 

■  •1,0808 

•1,80 

A 1 

*20.00 

•  WITH 

■  onii 

32,00 

alunP 

,101k 

14.01 

‘ONE 

-1,0000 

•1 1  "0 

42 

*20.08 

ALU“P 

.1001 

16,00 

none 

•i.ouok 

•1.08 

•'ONE 

-1,0000 

•1.00 

43 

*20.00 

•  mite 

.08*1 

32,00 

ALUMP 

.1000 

16.01 

’ONE 

-i.oooo 

•1.00 

44 

320,0" 

ALUMp 

.  1008 

16,00 

none 

-1,800k 

•1.00 

NONE 

-i.oooo 

•  l.oo 

45 

320,00 

ALUMP 

•  loon 

16,00 

NONE 

•1,800k 

•1.00 

NONE 

•1,0800 

•  i,oo 

— 48— 

MRU | U" 

-••m - 

— ,  Bli" 

-32,-88 

*i-*P 

•  7188V 

16.08 

NONE 

-1,0008 

•IPO 

47 

*20.00 

ALUMJN 

.  1000 

16,00 

NONE 

•1,0000 

•  1.0? 

NONE 

•1,0000 

•1,00 

48 

*20.00 

«M  J  TE 

,  0031 

32,00 

*L  -'MIN 

,1000 

16.0" 

'ONE 

•i.oooo 

•l.oo 

4* 

*20,00 

ALU-P 

.1800 

16,00 

NONE 

•  1 1  ooo  j 

•1.88 

NONE 

•1,0800 

•  1,00 

50 

*20.00 

ALUMp 

.1008 

16,00 

none 

•1.00OJ 

•  1.0" 

NONE 

•1,0008 

•1,00 

51 

*20,08 

SMITE 

.00*1 

32,00 

ALUMP 

,1000 

16,0" 

NONE 

-1,0008 

•  l.oo 

ALUMP 

NON* 

N8N* 

ALUMP 

NONE 

-AtUMP’ 

NONE 

NONE 

ALUMP 

NONE 

ALUMP 


NONE 

ALUMP 

NONE 

NONE 

NONE 


ALUMp 

ALUMP 

ALUMP 

ALUMP 

ALUMp 


1000  2,00 
lono  2.oo 
loou  2. on 


<1000  It, 00 
•1,0000  .1,00 
•1,8800 — *1780 

,1000  it, oo 

•1,0000  .1,00 


0000  >1,00 

1000  It. 00 


1000  It, 00 
3000  16,00 

3000  16,08 

3000  16,08 


0008  >1,00 
0000  >1,00 
0000  >1,00 


0000  *1(00 

0000  *1,00 
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Table  D- VII— Concluded 


77 

7fl 

79 

80 
81 

-de¬ 


ss 

84 

89 

86 

87 

-frfr- 

89 

90 

91 

92 

93 

-94- 

99 

96 

97 

98 

99 

-196- 

101 

10Z 

103 

104 
109 

-898- 

107 

108 

109 

110 
111 

-Me¬ 


ns 

114 

119 

116 

.7301 

'750?. 

7303 

7304 
7309 

7306 

7307 
■9896 

7309 

7310 

7311 
7  3 1 2 
7313 


520 . 00 
920  .  on 
920.00 
520.00 
920,00 
••980i96- 
920,00 
920.00 
920.00 
920 ,00 
920,00 
'  9907  00  - 
920,00 
920,00 
920,00 
920.00 
920,00 
■590709- 
920.00 
920,00 
920,00 
920,00 

920,00 
»  » 


920,00 

920,00 

920,00 

920,00 

920,00 

"9eo,0 6 

920,00 
920,00 
520.06 
920 , 00 
920.00 

. _ 

~“C iv~ 

920,00 

920.00 

920.00 

920.00 

990,00  • 

'“1,0 i ■ 

960,00 

960.00 

960,00 

960,00 

960.00 

~960rfte 

960,00 

960,00 

910.00 

910,00 

910,00 


BUCK 

"HITE 

SUCK 

black 

WH|T£ 

Q 1  tAy _ _ 

^vwvir 

WHJTE 

BUCK 

BLACK 

WHITE 

BLACK 

— 

black 

black 

BLACK 

BLACK 

BLACK 

black 

BLACK 

Black 

BLACK 

black 

black 

WH I  TE 
WHITE 
"H  J  Tg 
WHITE 
WHITE 
- -WH-I  TE— 

whjTE 
-HI  TE 
"HITE 
OOLO 
GOLD 
BOLD 


,0O7fl  48 
.0090  32 

,0070  4? 

,0070  48 

,0090  16 

!  0  09  0  16 

,0070  48 

,0076  48 

,0096  3? 

,0070  48 

,0070  48 

,0070  4? 

,  0 0 7 0  46 

,  007o  4  6 

,0070  46 

-  7069*— 66 

,0070  4e 
,007"  48 

.0070  48 

.0076  48 

,0070  48 

-  ■  0-090 — j*r 

,0096  32 

,0090  32 

.0056  3? 

,0090  32 

,0090  32 

— r99*9 


OOLO 

OOLO 

GOLD 

Q0L0 

ALUMIN 

VVC-CL 

SOLCEL 

S0LCEL 

SOLCEL 

SOLCEL 

SOLCEL 

soueet -■ 

SOlCEL 

SOLCEL 

SOLCEL 

SOlCEL 

SOlCEL 


it 

.0056  32 

,  Q050  32 

,0090  32 

.0003  1 

.0003  1 

■  0863 - 1 

.0003  1 

,0003  1 

.0003  1 

,0003  1 

.9000  16 

. if 

,0300  10 

.0300  10 

.0900  16 

.0500  10 

.0906  10 

r0588 


00  ALUM  |  ’4 
00  ALUMIS 
00  AL’.'MlN 
00  alumil 
00  ALUM  I N 

-Ofr — ALMmfN - 

00  ALUMIN 
00  ALUMIN 
00  ALUMIN 
00  ALUMIN 
0  0  ALUM  IV 
•80— -At-WlM- 
00  ALUMIN 
00  ALUMIN 
00  ALUMIN 
00  ALUMIN 
00  ALUMIN 

-fro — At-.m-f 

00  ALUMIN 
00  ALUMIN 
00  ALUMIN 
00  ALUMIN 
00  ALUMIN 
88  -AfcUMtir  ■ 

00  ALUMIN 
00  ALUMIN 
00  ALUMIN 
00  ALUMIN 
00  ALUMIN 

_ ii  t .M I  -ffr  — — 

uv  • w“ i “ 

00  ALUMIN 
00  AL'JMlN 
00  ALUMIN 
00  ALUMIN 
00  ALUMIN 
68— 

00  ALUMIN 
00  ALUMIN 
00  ALUMIN 
00  ALUMIN 
00  NONE 
iO-WUSNC 
00  UNAS*1  Q 
00  UNASNQ 
00  UNASNO 
00  UNASNO 
00  UNASNO 
88 - W*9*9- 


•1 

*1 

•1 

•1 

•1 

•1 

•1 

-n 


IOOu 
1000 
1001) 
1060 
100O 
1868- 
006  J 
1060 
1060 
1060 
1060 
1980- 
1060 
1  06  o 
IOOu 
1060 
IOOu 
1880 
1060 
1 0  6  y 
1060 
1  060 
106  0 
rl86->- 
iOOu 
1  00  o 
1060 
1060 
1 0  C  0) 
1888 
lOOo 
lOOo 
IOOu 
IOOU 
1060 
1000 
106  0 
1000 
1000 
1060 
0000 
3or-: 

000U 

6060 

00OU 

0060 

006u 

-0068- 

6060 

0000 

0060 

006w 

0000 


16.06 
16,00 
16,06 
16. OP 
16.06 
16t6*- 
16,06 
16.06 
16,0" 
16,00 
16.06 
-1878 
16,0" 
16,0" 
16, OP 
16,06 
16,0" 
16,-06“ 
16,06 
16,06 
16,06 
16,06 
16,0" 
88 ,"  DO- 
16  ,  06 
16.0" 
16,06 
16,06 
16.06 
-88,-08 
16,06 
16.06 
16,06 
2.00 
2,06 
2.00 
2.0" 
2.06 
2.00 
2.00 
•  1,00 
«lvM 

•  i.oo 
•1.06 
•1.00 

•  1.00 

•  1.05 
■  1.86 
•1.06 
•1.06 
•1.06 

•  1.06 
•  1,06 


NONE 

none 

NONE 

none 

NONE 

nOmE  ■ 

NONE 

NONE 

NONE 

■  ONE 

NONE 

--NONE — 
NONE 

(‘One 

-ONE 

NONE 

NONE 

nOnE 

none 

NONE 
"ONE 
NONE 
NONE 
-N9NE- 
1  ONE 
NONE 
NONE 
NONE 
NONE 
-  *-8*»€ 
NONE 
NONE 

none 

NONE 

NONE 

NONE 

NONE 

NONE 

NONE 

NONE 

NONE 

UW«K0 

UNASNC 

UNASNO 

UNASNO 

UNASNO 

UNASNO 


UNASNO 

UNASNO 

UNASNO 

UNASNO 

UNASNO 

UNASNO 


0000 
0000 
opoo 
0006 
0  Q  0  0 
0088 
0006 
0600 
0006 
0000 
0606 
9888- 
0006 
0006 
0000 
OOLO 
0006 
9808 
0006 
0600 
0006 
0006 
0600 
iT69eo 
0006 
0600 
U006 

ucoo 
oooo 
0880 
0006 
0600 
0006 
0000 
0000 
OOOO 
0000 
oooo 
oooo 
oooo 
oooo 


OOOO 

0000 

oooo 

OOOO 

0000 

9098- 

0000 

oooo 

0600 

oooo 

oooo 


00 

00 

OO 

00 

00 

rOO- 

"0 

00 

00 

00 

00 

780  - 


00 
"U 
00 
60 
60 
50 
30 
60 
"0 
6  0 
"0 
60 
00 
60 
60 
"0 
ro 
60 
60 
00 
oo 
60 
no 
00 
00 
00 
00 
00 
00 

vM- 

00 

00 

00 

DO 

60 

99- 

00 

DO 

00 

00 

00 


.  0900 
.  090" 
.0900 
.0906 
.0?00 


UNASNO 

UNASNO 

UNASNO 

UNAS-0 

UNASNO 


•1 

•1 

•1 


7319 

910,00 

SOLCEL 

.0506 

IP  .  00 

UNASNO 

•1,000.' 

•  1.00 

UNASNO 

•1,0000 

•  1,00 

7316 

910.00 

SOlCEL 

.  0906 

16,00 

UNASNO 

•1 ,006V 

•1.00 

UNASNO 

•1,0000 

•1,00 

7317 

510.00 

SOlCEL 

.O’OO 

16.00 

UNASNO 

•l.OOCv 

•i.oo 

u-asno 

•1,0606 

•1,60 

7316 

910.00 

SOLCEL 

.  090" 

10.00 

UNAS) 0 

•1 1 0  on  ^ 

•1.06 

UNASNO 

•1 i uooo 

•1,60 

7319 

910.00 

SOlCEL 

.0906 

10,00 

UNASNO 

•1.000. 

•  1,06 

UMASNH 

•1,6006 

•1,60 

-W"- 

— seoxoo- 

*tU*MN 

.-5898 — 88t9U- 

-  MftNE 

•1 i 00"v 

•1.0" 

N-o-e 

•  UO60O 

•  1,69 

NOTE  | 

VALUES  cr 

•1 .6, ,  .0 

indicate 

NO  DATA 

i  E‘ TEREO 

NOT 


^producible 


-t  r 


509 


NOT  REPRODUCIBLE 


rn 

Z 

O 


P 

Z 

O 

u 

P 

< 

H 

HH 

z 


«  c  l'  c 
*-«  o  o  o 
-  o  o  o 
*-»  o  a  o 
/  ■  •  • 
ar  o  o  w 


«"*  a  a  o 

t:  c  t1 

-  a  o  o 
—  a  ci  o 
#r  -  -  - 

X  o  a  w 


"  C  C  c 
rf\  o  o  o 
H  €J  c  r. 
«*»  o  n  o 

rr  o  o  ^4 


.1  o  ci  n 
-coo 
«  O  ri  (1 


«  a  o  d 
•  f.  c  r. 
•  oo  n 
«  C  I-  1 


^  L  l  (. 

•noon 

rK  4  s  t 

—  no  c> 

m  m  m  m 

T  on  (I 


n  C,  C  r« 


:r  o  o  ri 


«  a  o  ■> 


ir  OOH 


P 

0 

►— 

p 

P 

H 

X 

P 

P 

H 

HH 

P 

P 

P 

H 

< 

co 

p 

0 

X 

o 


p 

2 

0 

u 

H 

X 

P 

P 

P 

P 

u 


o  o  a 
O  C*  f**  O 
uoino 
«  tt  o 
r  -  -  - 


«  o  c  c 
roan 
►-000 
“00-0 
u  •  -  - 

IU  rl  W 


a  • 


no  oo 
a  r.  c 
i/i  on  n 
—  COf 


u  c.  c  c. 


>-  o  rj  n 
K  C  C  t 

w  »  in  oi 
—  a  a  o 
r  -  -  - 


UJ 


»-  o  n  o 
»-  o  04  o 

«  Nao 


o  o  a 
2  C  O  C 
l/l  o  a  a 

•-  o  r>  r. 

;>  m  m  m 

—  *1  CM  r< 


T  n  c  c 
►-  o  oo 
a  o  c  c 
iu  o  -4  a 


?  a  — 

4  J  I  Uf 
/  O  ^  4' 

*.7  -J  O 


o  o  o 
c  c 
uo  n  o 


Ci  c  c 

:>  o  o 
o  -o  r„ 
-  ci  t>  o 


I  o 

^  r4 


in 
.u  o 
1  CM 


(4  Cl  i.  I 

•-  a  o  ri 
I  r  a  u 
—  n  .ii 


>-oor 
»-  c  c.  r 

in  «  in 
-•coo 
r  -  -  - 

Ui  *- 


>*  O  CJ  o 
4-  <r  (M  c 
ir  wan 


non 
I  c  o  c 
m  3  c» 
•-Of.  r. 


i  riG  c. 

4—  O  O  '71 

n  c  t  ci 

IU  O  *-4  O 


•7  Cl 
f-  c- 
II  C* 


x  :• 
-  o 

IU  ‘t\ 


•*  O  €3  * 

r.  4  o  c 

n  .in  ■ 


—  r»  i> 
i<  -  - 
ui  -i  . 


Ll  -r»  rj  r» 

ft  n  »  r 
in  13  :n  n 
—  v  «»  I 


— •  o  r-»  o 
i  if  U\  ( 

«  n  ii  • 


-.000 


>-000 

4-  11  Oj  c. 

rr  04  t-j  o 

u:  -  -  - 


:i  u  o  c 
•/>  o  n  r» 
•—  0  c  r 


.•  oon 

l'»  use 

tl  0  .ft  o 


«  c  c  c 

CC>  3  l-S 

k-  c:.  *1  c 
—  003 

u  •  •  • 

.  U  r4  *4 


mono 


U  c.  L  I 

—  000 
;  ir  it  c 

—  it*  l»  • 


>-  o  to  o 
H  u  c.  r 
•/»  *f  in  -j 
~  o  a  o 
J  -  -  - 


v  o  o  o 

4-  it.  C\.  C. 

X  cm  on 
!/!•■■ 


1  _i  1.  a* 
u  j  * 
o  J  o 


j  4.  c  & 
4-  o  •  j  o 
a  c,  c,  c. 
lU  Cl  *4  O 


r  c  •- 

•(  JJ  UI 

«■  c*  >  .• 

O  JO 


•ll  X 
>  !► 

1»  - 


I 

Q 


l-KH.I 


N  w  H 


_Q 

H 


510 


*.  a-<E  f  =  FTi-  F I  \  I  S*J  tdSSTT  S^ISTY  ^  =  r(-jr)  arF(SPC)  °EF  ( Tn )  T-=5«  C0\r  T^'Ilb)  !“.(,  =  )  Ts-(.l) 

7  GOLT  ,0005  1,0000  ,2300  ,  0  *  -1 0  ,d?0n  .6070  -X.OO&?  ,60‘0  0,0~C'  r  .  ‘  •  0  ■;  u  J,Or,jr 

X  tLX'MIN  .1000  2,0000  .0200  .0500  ,  3500  ,?500  .9600  .  4570  0  .  00  0^  C,-  000  i.OOO' 

-x  ‘.o‘E  *i .  onoo  -i.'ono  -x.orj-  -x.ooro  -i,;-ion  -1.0000  .1,0000  -1.0000  -1.0‘c  -i..o|,o 


aooo'T-  oiiOo'T*  ooco't-  oooo'x-  ooac'T*  ouou'i"  acar’T*  caoo'i-  .-ooo'T-  cacu'i-  oooct-  3«on  t- 

SOOO'T-  0300 1 T-  ooac'T-  OOOO'T-  oOoO'T-  OOOO'T-  yOOCT-  OOCB'T-  jOOO'T-  0003''.-  OOCO'T-  3N0S  T- 

3400*0  OOOO'O  3030'C  OH*'  £4**'  0090'  56ZS'  0090'  J8ZZ*  OilOO'sT  OOOT'  «,lwnT»  T 

(TMiMU  (fi')Ntil  (ST)f»«l  3N03  waHl  <HA)i3e  <3dS)J3<s  UU>d3t  AASIW3  kit)  Se»  US  IN l J  11d33  3k»n 


I 

I 


'i'S  rgeru  ri%15“  ABS9TY  F- 1  STY  ScF(-IF)  3EF(SPC)  °cr;T-)  T-  =  w  3V.-  'Veil  T  K 1  ,  «■ )  Y  -  ^  (  ,15 
,1"00  l-.TOPO  ,ZZ«‘  .09"0  ,S?91  i  TOCO  ,**77  ,4S70  3.3'Of  0."0"3  i.Jlf 


J 


r* 

X 

< 

H 

c/3 

X 

O 

u 

Oh 

y 

y 

c/3 

x 

< 

y 

H 

H 

< 

y 


y 

> 

i — i 

H 

U 

y 

y 

y 

y 


x 

1—4 

Q 

o 

o 

OJ 

H 


i 


y 

y 

D 

c/3 

O 

y 

x 

y 

y 

u 


C/3 

Ph 

o 

y 

D 

J 

y 

y 

y 

H 

y 

< 

c/3 

J 

< 

M 

Ph 

[£ 

H 

< 

5 

y 

C 

M 

y 

y 

H 

X 

y 

H 

y 

< 

rX 

•— H 

u 

y 

u 

< 

y 

c/3 


X 

i 

Q 


000004 

000004 


i  O  O  O  O 

I  o  o  o  o 


H  4>  H  »  *4  4*  «4  » 


kDOO? 

:zzr« 
i  vi  v>  in  x 

t  <  <  <  3 

•  Z  Z  2  J 
>D  D  D< 


I  O  O  o  O 
•  o  c  c.  o 


i  «D  O  o  tsi 

Aa  >fO 


ooon 

o  r\  o  o 


z  * 

•  mUImV 
I  _J  X  u 
►  3  O  << 


Ui  ■ 

«  - 
*“  OC  |l 


V  o  i  oooooi 

U)  ill  I  Of4|\«4C) 

tL  Q 

I  ~  • 

Ul  I 

»■  I 

• 


c  n  ho 

•  N  •  «  A 


04  HMO  HI 


inoiiiM 

l«K«» 


I 


512 


ET 

s.  i 


Sr 


r 


5 


L 


«  O  U  o 

HO  o  O 


«ooo 
O  '  O  ri 


Ph 

o 

H 


o 


y 

H 

X 

y 


'  3 

3  d 


y 

y 

y 

H 

< 

w 

y 

o 


o 


O  a  o 

mo  a  o 
-o  o  o 
w  o  a  o 


in  3 

m21 

So 

Hot 

H®P 

Pi 
X  -* 

8s 

X 

y  2 

I  ^ 

i  OC 

y 
y 
A 

i 

H 
cn 
0 

U  p  m 

hWi* 
w  6* 

y  tn 

u 


H 

HH 

P 

X 

o 


a. 


x 

i 

Q 


Ul  • 

*  t3 


-O 

H 


**»  o 


ac  o  o  h 

•-  • 


l 


P 

Zooo 

O  m  h.  C 

uom  o 

*<•  o 
X  •  -  - 
ac  wi 

x  • 


I  O  o  o 
»-  O  O  o 
-00*0 


U  O  O  O 

A  O  o 
worn  o  | 

«-  o  O'  c  ; 

u.  •  -  •  I 


i 


Ik.  o  o  o  . 

—  o  o  o 

ci  o  , 

-  *®  o  1 


!*f 


►  o  oo 
h  c  o  a 
W  tlrto 
►*  O  o  a 

x 


UJ 


coo 


h  civ  a 
CC  MOO 
V)  •  -  - 
m  h 

4  • 


1  poo 
(/I  o  o  o 
►•Coo 

2  -  •  - 

►-  H  fM  *4 

U-  • 


x  r>  o  o 


n_  o  o  o 

Ul  OHO 


T  O  — 

<  jiui 
7  0  3  7. 

O  JO 
<  7 


H  IkH  H 
4  t  9 

X 


''Cue 


»  o  a  o 

-00  3 


a  oo  h 

i-  • 


l  ~  i 


rnecto 

•  o  o  o 

«w»  C.  o  Cl 

7  -  -  -  I 
a  och 

H  • 


«  c  c  c 


HO  L  r. 

*-  o  o  o 

IT  OO  H  I 

i  ; 


o 

7  0  0  0 
o«h  o 

D  O  J>  O 
0  4  0 


•  1 


T  o  o  o 
-  oo  o 

U  -  -  * 


a  • 


LI  O  O  O 
A  •**  e  o 
m  om  o 
-CO  c 


Ik  t  cc  I 
•->0  0  0 
t-mm  c 

-BCD 

u  -  -  - 

ID  H 

or  • 


>■  o  o  o 
*-  o  o  c 

w  c  m  o 

•->0  0  0 
1  •  •  • 
UJ  W* 

9 


h  civ  o 

T  MOO 
Ul  -  •  - 


o  — 

J  X  UJ 


7  0  3  7 

n  jo  i 

<  z 


a 

•-  I 

4 

£ 


! 


^  c  c  c 
w4  O  O  ”3 
-  O  O  CJ 

—  oo  o 


ir  oo  h 


o 

3  *3 

7  • 


o 

t: 

o 

3  O 

£ 


4  o 

C.  p: 
00  O 
1  f ' 


tz 

I  o 


7  H 
“3  « 
tr 


'k  t> 
J  (V 

Ul  lA 


•t 

•i 


UJ  H 


o  o  o 
X  o  o  o 
(/>  o  o  o 

-  OC  C 

7  -  •  • 

H  «V  *4 

u.  • 


2  mo  o 
1-000 
a.  o  c  o 
UIOH  O 
D  •  •  • 


r  c»- 

4  JC  Ul 

7  0  3  7 

OJO 
4  2 

3 

a 

H  K  rl  H 

4  • 

£ 


Ef 

I 


»»  C  l  l 
H  T  T1  O 

-  c>  c  o 
-  o  no 


«  t.  C  C1 

H  o  o  O 

-poo 
w  o  a  o 


T  3 


'E  O  *3  H 


— »  O  O  ZJ 

m  oc  c 
•  o  o  o 

W  o  c 

z  -  •  • 

tr  o  o  h 

►-  t 

— «  c.  c:  c- 
m  o  o  o 
•H  C  O  C- 
—  O  O  O 

tr  Q  O  H 

k-  I 

c. 

3 

2  0  0  0 
echo 
UCiA  3 

7 

0  4  0 

£  -  -  • 
tr  vi 

C  ( 

»- 

3 

o  o  o 

X  o  o  o 

P-  o  o  o 
-  oo>  o 

4 

u  •  -  • 

Cl 

ID  v*  H 

an 

U  •  B 

A 

4 

_J 

U  O  O  P 

A  A  Vj  C 

in  o  m  o 

k- 

»-*  o  o  c- 

ir 

u.  •  •  • 

X 

Uj  H 

or  • 

2 

“) 

or 

U  t  C  c 

—•  O  O  CD 

t  inr  t. 

-  Dt»  n 

Ik  •  •  • 

a 

D  H 

\ 

t»  • 

3 

Ul 

•- 

>■  OO  1 

9-  Cj  c  r. 

U»  4  m  3 
•—  o  o  o 

1  -  -  • 

UJ  rH 

X 

• 

UJ 

y 

• 

3 

c  r.  c. 

3 

>-  o  o  o 
»-  CM  O 
*  WO  O 

tn  rV 

a. 

'-*0  0-3 

ir  c  r  c 


— .  o  o  o 
irooo 


-  C  O  1* 

a:  o  oh 


W  Cl  O  CJ 

tr  o  o  h 

H  • 


«  L  C<  C 

IA  o  o  o 


^  c  c  u 
m  o  o  o 

H  f  c  G 


w  O  o  o 
tr  o  o  *4 


IE  O  O  H 


7  0  0  0 

ci  o  f>.  o 
t>  o  n  o 
c  ^  c 

1  -  -  - 

tr 

X  • 


=  g 


C3 

o 
3  43 


p 

7  0  0  0 

o  <j  r*H  o 

l>  O  €\  O 

o 

£  -  -  - 

tr  ri 

X  • 


—•  o  o  o 
loop 
k-  O  C  G 

o  »  o 


4  O 

Cl  o 
T3 


^  o  o  o 
X  o  o  o 
I-  o  o  o 
—  o  o  o 


?g 


Ul  H 

tr  • 


0  0  0  3 
Q  O  O 

i/i  o  in  o 

-  «  o  c 

L  •  •  • 


I  4h 

f 


o 

*  p 


o  o  o  o 
A  hco 
mom  o 
-coo 

u.  -  •  - 


U  C)  c  r 
•—  o  o  o 
l~  £1  r. 
-  D  -o  n 
Ik  •  •  • 
Lf  H 

(r  • 


7 

or 

a  i 


f  : 


Ik.  o  o  o 
■—  o  o  o 
o  cr  c 
-  fro  o 


a.  t* 

ig 


V-  o  o  o 
c.  no 
(/)  vino 


h  ci\.o 
or  ex  o  o 
to  -  -  - 

D  H 

4  • 


-g 


Ul  f> 


O  O  O  I 
X  o  o  o 
t/>  o  o  o 
—  o  o  cr 
z  •  •  • 

rC  AJ  »4 

U  9 


(LOCO 
lit  Q  HO 

c  •  •  • 


7  0  3  7 

O  J  o 
4  7 


tr 

►- 

4 

X 


>-  o  o  o 

I-  CJOCJ 

u>  «m  o 
•-*  o  o  o 
£  -  -  - 

UJ 


c  o  c* 

►  ooo 
I-  Ptvo 
tr  At  o  o 
V)  -  -  - 

**n  h 

4  • 


o  o  o 
X  <3  o  O 


-«  C  C  O 

z  -  •  • 

v4  fVi  ^ 

u  • 


x  r>  o  o 
1-000 
Q  O  O  C 

mono 

o  •  •  • 

H 


2  0  37 
0  30 
4  7 


513 


1 


T3  -I 
<U 

n  - 

3  43 


u 

c 

o 

u 


X 

I 

Q 


.Q 

n) 

H 


—  o  o  o 

m  ci  o  o 


—  a  o  o 

JtJ-: 

*-  •  • 


^  Ooo 
n  doo 
HO  O  o 
«  d  o  o 

2  •  -  - 


•  • 


p 

2  000 
O  +*  O  O 
t>  ft  o  o 
too 


K  HH 

X  •  • 


«  noo 

I  fs.  O  O 

•-woo 


Ul  H  H 

ft  •  • 


o  o  ◦  o 

ft  O  O  CD 
OT  OOO 

W  *s  o  O  I 


ft  *4  O  O 

”•00 
t  r«co 
-oool 

ft  •  -  •  I 

Xft 

a  i  i  i 


ft*  o  o  o  l 

W  BOO 

m  o  o  o 


c «  c  o 


I-  CMOO 
I  Noo 
«/!••• 
CD  H  H 

•ft  ■  • 


X  o  o  o 

l/|  O  CD  O 
— «  O  O  O 

z  •  •  • 

•-•  O  'wH 

U.  H  I  • 


X  CD  CD  CD 

ft-  o  o  o 

ft  O  O  CD 
Ui  H  CD  CD 

o  •  -  • 

H  H 

•  • 


ui  r 

T  •- 

ft  X  Ui  UI 
2  322 
JOO 

ft  2  2 


Ui  N 


^  o  o  o 
X  O  O  O  I 


— .  ft  m  o 
r  -  •  » 


t  o  t; 

>-0-0  0 
»-  HhO 
a:  cm  m  cd 
*/)••• 
®  fi 

ft  •  , 


1  CJ  CD  CD 
(A  OO  O  | 


■-•  o  o  o 

2  -  -  - 

•~  C.  O 

ft  «n  • 


x  o  c  o 

ft-  CM  O  O 
Q.  O  CD  CD  I 
Ul  OH  Q 


T.UJ*- 

ft  ft-  X  Ui  I 

UOi 
X  ft  X  I 


a 

*-  »  H  H 


«  c  c  c 

HOOO 
•  o  o  o 
—  CD  O  O 


«  c  t 
HOOO 
•  O  O  O 
—  CD  O  O 


«  C  O  C 


ft  OHH 

ft-  •  • 


X  O  rC  *H 


-O  O  O 

-  O  CD  O 

s  -  •  - 

tr  OHH 

ft-  I  > 


^  O  DO 
IP  O  CD  C 
-  CD  CD  O 

^  C  O  O 


a  OHH 


^  o  o  o 
If'  C  c  c 

•  o  o  o 

W  o  o  c. 

2  •  ■  • 

It  OHH 

ft-  •  • 


'■’*  o  o  o 

IP  O  CD  CD 


—  o  o  o 

Z  •  m  m 

ac.  OHH 

I  ft-  •  r 


^  c  e 

IAOOO 

••i  c  o  «r.  ' 
—  o  o  o 


«  c  c  a 

IP  CD  CD  CD 

H  C-  C  O 
—  O  O  O 


I  O  H  H 

ft-  •  ft 


2  > 

H 

ft 


O 
c 
o 
31  t 


Cl 

ZOO  o 

O  fs,  c  o 

U  P  CD  O 

MOO 

T.  -  -  - 
cr  r-.  •-» 

r  ■  •  ! 


K  OHH  , 

ft-  ft  •  ' 


2  0  0  0 
OKOO 

o  tn  o  o 

M  O  CD 


a 


''COO 
t  CD  CD  O 


«  c  c  c 
T  o  o  o 


3>  4^ 

X  •- 


—  noo 
x  r*»  o  o 


»- 

o  o  o  | 

. 

►- 

O  CD  O 

ft- 

o  o  o 

; 

ft-  M  O  O 

ft  p 

W 

CD  CM  O 

ft  P 

w 

CM  O  O 

ft  O 

— 

CM  O  O 

ft 

'—MOO 

CD  p 

u. 

•  •  • 

r  cd 

u 

BBS 

o  a 

u 

BBS 

CD 

«F 

U.  -  -  - 

3  P 

Ui 

CD  H 

XI  CD 

IU 

H  H 

OD  O 

UJ 

H  H  i 

CD 

5 

1 

1 

1  p 

a 

•H  ft 

j  r 

a 

■  ft 

X  t 

Q 

•  ft  1 

D 

i) 

a  •  • 

ft  1- 

ft  .« 

ft  • 

j 

ft 

Tb 

-»  H 

{ 

-j  r* 

— 1  *4 

_J 

i-4 

P 

u 

OHO 

$ 

U  O  O  O 

P 

O  «H  O  O 

■ 

O  O  o  o 

1 

*. 

OH  C 

a 

O  CD  O 

a 

H  C  O 

r 

ROOD 

•“ 

xn 

o  m  o 

»- 

i/i 

o  o  o 

ft- 

i/nnoo 

ft- 

C/l  O  o  o 

O  J 

o  o  o 

cr 

w 

ret 

O 

w 

C  OC 

r 

i 

-HOC 

X  P 

u. 

•  -  •  ! 

x  o 

u. 

B  B  B 

x  d 

u. 

... 

X 

o 

u.  -  -  - 

• 

Ui 

O  ft  *H 

• 

U 

H  tr-» 

B 

u. 

ft  *H 

1- 

Ui  HH 

*  H 

cr 

H  ft 

2  H 

cr 

•  ft 

2  H 

X 

ft  • 

2 

t« 

X  ft  ft 

i  [ft 

• 

“>  • 

~ ) 

> 

a 

*— • 

cr 

cr 

j 

X 

r 

a 

u 

ere 

a 

u 

tee 

Cl 

ft 

c  c  c  • 

a 

U  HC  a 

o  o  o 

•—« 

CD  O  CD 

«— • 

o  o  o 

1 

oa 

c 

CM  c  c 

f 

c  c  c 

r 

tee. 

f.l  Pi  r.'  e> 

p 

o  m  j 

r» 

IP  <3  !-» 

r> 

W 

Ift  O  D 

d 

—  in  o  r» 

i  * 

u 

•  ■»  • 

• 

u 

B  B  B 

B 

u. 

... 

i- 

• 

x  f» 

XI 

-♦ 

ci  d 

il 

H  r< 

X  t> 

xi 

1 

1 

a 

i> 

i 

i 

l  r» 

ft 

ft 

3  IP 

fl 

•  ft 

1  H 

n 

ft  ft 

D 

tu 

a  •  t 

Ui  O 

Ul  <o 

Ui  O 

ui  m 

ft- 

ft- 

ft- 

1- 

>- 

o  o  o 

>- 

<3  0  0 

► 

O  O  CD 

j 

»-  o  o  o 

ft- 

o  CM  a 

ft- 

O  CD  CD 

»- 

Moc 

ft-  O  CD  O 

co 

moo 

c n 

Moo 

C/l 

>0  n  o 

i 

c/>  n  o  o 

x 

•r 

3  • 

-»  P 


«0  o  o 
r  -  •*  - 

Ul  w-«  rH 

•  ft 


>-  O  O  CD 
HOOO 
X  <000 


ft  , 

*> 

Ul  t* 
1 

r>  - 

— i  t~< 


•-•moo 

x  •  -  • 

Ul  *H  *H 

ft  ft 


4 


tD 

<  . 

ui  +• 

»  1 


c  c.  c. 
>»  <0  o  o 

ft  H  O  O 

i  noo 
!/)•-• 
cn  hh 

ft  ft  • 


ft  & 

It 


o  o  c* 

X  o  o  o  I 

L/>  CD  O  CD 

-eta 

C  HH  , 

u.  m  ft  • 

<\ 


o  o  o 
X  O  O  o 

I/I  CD  O  CD 

•-.oca 

Z  •  •  • 


U.  fO  ft  ft 


X  G  O  O 
»-  m  cd  o  i 
a  ^  o  o  1 
Ui  O  O  O  I 


o 


X  o  o  o  I 

ft-  o  o  o 
a  o  o  o 

UJHOO 

o  -  •  • 


•  ft 


1 

■I 

T 


iu  r 

I  ■- 

ft  X  Ui  Ul 
?  32  2 
-JOO 
ft  2  ;• 


4 


4 

lie 


ui  r 

J  — 

ft  r  ui  ui 

-*  3>  X  2 

-JOO 
ft  Z  2 


a 

ft—  ■ 
ft 
t 


4 


St 


CD  « 


—  CD  CD  O 

X  -  -  • 
Ui  HH 

•  ft 


O  C  c 

>-<0  0  0 
HftlOO 

cr  cm  o  o 
«/!••• 
a>  hh 

ft  ft  ft 


CD  O  O 

X  o  o  o 

C/I  CD  CD  O 
•-•  o  o  o 

2  •  •  • 

w4 

U.  H  ft  ft 


X  CD  O  O 
ft—  O  O  CD 

a.  c:  o  o 

U1HOO 

a  -  -  • 

H  H 

ft  ft 


Ui  2 

>: 

ft  X  Ul  Ui 
2  322 
-JOO 
ft  Z  2 


514 


-  '  j1  *  '  ‘  ir-.-  j;  J i>  — S 


516 


Table  D-XIV.  COORDINATE  TRANSFORMATION 


THRUSTOR  SYSTEM  TO  SATELLITE  SYSTEM 


AXIAL  COORDINATE 


,  radial  coordinate  ,  angular  coordinate 

,  RR  R  •  THE  THETA 

- - ffTV”  <f  Ti  T - tRADT 


1.73Q0  5,3300  ,  1,0000  1,6000  ,  3,1416  *,0000 

4;0700  7,6700  ,  1,5000  4 , 04*86  ,  2,9670  »,09?2 


THRUSThR^BaSEO  COORDINATES 
OF  PLUME  IMPINGED  SEGMENTS 


* 


SEG 

axial 

Radial 

ANGULAR 

- frttT*  - 

-••-tffSY - WORD 

2  (FT) 

R  (FT) 

TWE(RAD 

42 

,72500 

1,00000  *1 ,57079 

52 

1,72500 

1,00000  -1,57079 

62 

2,72500 

1,00000  -1,57079 

72 

-3r72500 

1,0000*  -li-S-7070 

42 

4,72500 

1,00000  -1,57079 

92 

5,72500 

1,00000  -1,57079 

102 

6,72500 

1,00000  -1,57079 

7301 

3,28A20 

1,60140 

,32485 

7302 

3,00420 

1,57676 

1,38058 

7303 

3 j 00420 

2,47949 

-,27839 

7304 

2,99420 

4,17552 

,40647 

7305 

2,82010 

2  i  815  J,0 

2,53483 

1,42940 

7306 

3 ,34863 

- ,  46236 

7309 

2,63200 

3,51040 

1,45290 

7309 

2,62700 

4,20414 

-,57046 

*  angle  from  line  joining 

AXES  OF  SATELLITE  AND  THRUSTOR 


1 

t 

i 


$ 

| 

.■I 

A 


Table  D-XVI.  WEAR  CONSTANTS  OF  MATERIALS 

ON  SURFACE 


- NAME 

-+&- 

- WfcrR - VEtftcm— 

CONSTANT  LOWER 

<FT*lB/lB>  LIMIT 

(FT/SEC) 

— EXPftttfeWT" 
(SLOPE) 

- MQttWtAI 

WEIGHT 

(VAPOR) 

ALUM  I N 

1 

3i  0 0 0 E ♦ 0 6 

460 

-3,3125 

•1.0 

W I NDQ» 

2“ 

— •3"i’CCr06»C4" 

-1TO 

■3,5625 

-  - n to- 

S0LCEL 

3 

5,0O0E*04 

1 7  0 

-3,5625 

•1,0 

IRP0RT 

4 

5,QOOE*04 

170 

-3,5625 

•1 , 0 

-  WORT 

5 

5 i 0008904 

170 

•3,5625 

■1,0 

unasnd 

6 

•1 i 0006*00 

•  1 

-1,0000 

-1,0 

gold 

7 

3 1  0  D  0  E  *  0  6 

460 

•3,3125 

-1.0 

. -SLACK"" 

-8 

1,  2(3  08  9  04- 

200 

•2-,  5000 

•1,0 

WHITE 

9 

1,2006*04 

200 

•2,5000 

•1,0 

TFE 

18 

1,500E*05 

1000 

-2,5000 

-1.0 

N204 

19 

1,0006*04 

220 

-3,0000 

46,0 

HN03 

20 

1,0006*04 

220 

-3,0000 

63,0 

mmh 

21 

1,0006*04 

220 

•3,0000 

46,0 

— -  MMHH2©"22' 

“li  0006*04 

220 

-  •S-jOOPO 

64,0 

MMHN03 

23 

1,0006*04 

220 

-3,0000 

109,0 

MHNH20 

24 

1,0006*04 

220 

-3,0000 

154,0 

WATER 

25 

liOOOE*04 

220 

-3,0000 

16,0 

MOTE  1 

VALUES  OF  *1.0, 

,,n  INDICATE  Nn  DATA 

ENTERED 

mr* 


•HIGH  VELOCITY  LOWER  LIMITS  FOR  ALL  MATEPIALS 
HIGH  HYPER 

velocity  vflocity 

( FT/SEC )  (FT/SECi 


30<30  900000 
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In  n>1  toM  i, 


- - -..i  rLS)  J  -il  IllLi  'i 


BITRARY  PLUME  CHARACTERISTICS  FOR  TESTING  PROGRAM 


